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world-wide evidence favors 
Furoxone for bacterial diarrheas 


In Egypt, Furoxone® effective against shigella 
strains now resistant to other antimicrobials 


Cairo investigators administered FUROXONE for one week to 37 patients with shigellosis, 
reported all 37 clinically cured, 35 free of shigella prior to completion of FuROXONE 
therapy. 

FuROXONE was tested in light of evidence that shigella strains resistant to sulfonamides, 
tetracyclines and chloramphenicol now exist. Observations: “All shigella isolated were 
sensitive in vitro to [FuROXONE]”. Clinically, FuRoxoNE “significantly reduces the 
duration and severity of the diarrhea and effects bacteriological cure... . The absence of 
toxic or side effects gives [FUROXONE] an advantage not possessed by the other drugs 


in current use.” 
Musgrave, M. E. and Arm, H. G.: Antibiotic Med, & Clin. Therapy 7:17 (Jan.) 1960. 


FUROXONE LIQUID: a pleasant orange-mint flavored suspension containing FUROXONE 50 mg. per 
15 cc., with kaolin and pectin @ for patients of all ages (may be mixed with infant formulas, passes 
through a standard nursing nipple) # Supply: bottles of 240 cc. FUROXONE TABLETS: 100 mg., 
scored, bottles of 20 and 100. 


DOSAGE: should provide (in 4 divided doses) 400 mg. daily for adults, 5 mg./Kg. daily for children. 


FUROXONE 


@ THE NITROFURANS —a unique class of antimicrobials 
EATON LABORATORIES, NORWICH, NEW YORK 
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Dependable instrumentation is vital 
when measuring radioisotopes in 


Many of the most important diagnostic tests using 
radioisotopes require measurement of gamma- 
emitting isotopes in blood, plasma or urine samples. 

The most efficient way to count gamma-emitters is with 
a scintillation well counter because the sample can be 
inserted directly into the crystal “well”. Almost all 
the gamma-emission interacts with the crystal. 

When a scintillation counter is combined with a 
scaler-spectrometer, the full capabilities of the well 
counter are realized. The spectrometer allows a phy- 
sician to “tune out” background radiation caused by 
cosmic rays and other sources in the vicinity. Thus, 
measurement accuracy is greatly increased. 

The DS5-5 Scintillation Well Counter is illustra- 
ted here with the 132A Analyzer Computer, which 
combines a precision scaler and gamma-ray spectrom- 
eter in a single compact chassis. They form a system 
of unusual reliability and sensitivity for such clinical 
studies as blood and plasma volume measurements, 
red cell mass and survival studies, diagnosis of 
pernicious anemia, fat digestion and absorption 
studies, etc.* 

We would be pleased to discuss these instruments 


with you. 


nuclear-chicago 


CORPORATION 
329 E. HOWARD AVE , DES PLAINES, ILLINOIS 
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132A ANALYZER COMPUTER 


DS5-5 SCINTILLATION WELL COUNTER 
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ISMELIN’ reduces blood pressure to 


According to reports from more than 100 clinical investigators, Ismelin—in moderate 
to severe hypertension—reduces blood pressure levels to normal or near-normal in a 
remarkably high percentage of patients. Following are summaries of typical findings: 


17 of 18 patients (94.4%) treated 
with Ismelin become normoten- 
sive in the erect position. Page and 
Dustan! gave Ismelin orally, alone 
or in combination with other anti- 
hypertensive drugs, to 18 patients 
daily for 2 to 10 weeks. 


RESULTS: All 18 patients had reduc- 
tions in standing blood pressure; 
16 had moderate reductions in su- 
pine blood pressure as well. In 17 
of the 18 cases, blood pressure lev- 
els became normal or near-normal 
in the erect position. 


Average Standing B.P. 
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* During last week of treatment. 


In 14 of 15 patients (93.3%) on 
Ismelin, blood pressure reduced to 
normal or near-normal levels in 
the standing position. Ismelin was 
administered orally by Frohlich 
and Freis? for 4 to 9 weeks to 15 
male patients selected from the hy- 
pertensive clinic. 
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RESULTS: Ismelin evoked a potent 
antihypertensive response in the 
erect position: the blood pressure 
of 14 of the 15 patients dropped 
to normotensive or near-normo- 
tensive levels. 

“The response [to Ismelin] was 


characterized by a potent, ortho- 
static, antihypertensive effect simi- 
lar to that seen with the ganglionic 
blocking drugs but without the 
side-effects of parasympathetic 
blockade.”’2 


In 15 of 18 subjects (83.3%), guan- 
ethidine [Ismelin] reduced high 
blood pressure to near-normoten- 
sive levels. Guanethidine [Ismelin]} 
was administered orally by Rich- 
ardson and Wyso} to 18 male 
hospitalized patients with hyper- 
tension. 
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near-normal levels in 80 to 90% of cases 


RESULTS: “‘All patients showed defi- 
nite reduction in blood pressure co- 
incident with administration of 
{Ismelin]. In most of the subjects 
[15] standing blood pressure could 
be maintained near normal levels.”’3 


“Side-effects encountered ... have 
indeed been minimal...’4 Brest 
and Moyer‘ state: “‘Side-effects [of 
Ismelin] encountered to date have 
indeed been minimal, with mild 
diarrhea as the only significant 
complaint even when large daily 
doses (450 mg.) of the drug are 
administered. No evidence of toxic 
action of the drug has been encoun- 
tered thus far.” Page observes: 
“.,.Guanethidine [Ismelin] has the 
advantage [over ganglionic block- 
ers] in that it is much easier to han- 
dle and does not produce nearly as 
much dose sensitivity. Too much 
of a ganglion-blocking agent will 
really ‘clobber’ the patient; with 
Guanethidine, there is much more 
leeway.” Kirkendall and co-work- 
ers® report: “Guanethidine has 
remarkably few side effects. The 
absence of symptoms of parasym- 
pathetic blockade makes its use 
better tolerated by most patients 
than conventional ganglion block- 
ing therapy.” Leishman and asso- 
ciates? conclude: “The capacity of 
ruanethidine to reduce the blood- 
»ressure of hypertensive patients 


Ismelin 
Increases Arteriole Caliber 


Ismelin represents a new princi- 
ple in the treatment of high blood 
pressure: It acts at the nerve- 
arteriole junction where it appar- 
ently opposes the release and/or 
distribution of the pressor sub- 
stance, norepinephrine. 

BEFORE ISMELIN: Photo shows normal 
arteriole in rat mesentery. (100x) 


AFTER ISMELIN: Ismelin has blocked the 
constricting influence of norepineph- 
rine. Arteriolar caliber has significantly 
increased, while an adjacent capillary 
has filled. (100x) 

Because it acts at the nerve- 
arteriole junction —with no de- 
monstrable evidence of central or 
parasympathetic effect — Ismelin 
produces a clear-cut antihyper- 
tensive response in a high per- 
centage of cases. 


without symptoms of parasympa- 
thetic blockade is consistent with 
a mechanism of selective sympa- 
thetic-nerve inhibition...” 


For complete information on pre- 
cautions, dosage, and side effects, 
write to Medical Service Division, 
CIBA, Summit, New Jersey. 

Supplied: Ismetin Tablets, 10 mg. 
(yellow, scored) and 25 mg. (white, 
scored); bottles of 100. 
sulfate (guanethidine sulfate cipa) 
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MODEL A 


BLOOD PARAMETER ANALYZER RISEMAN DEVELOPMENT LABORATORY, CAMBRIDGE, MASS. 


The Blood Parameter Analyzer Model A is basically an ultra- 
high precision pH meter with additional measuring circuits to 
BLOOD read out O, and CO, electrodes. As a pH meter, it is sensitive 
and readable without interpolation to 0.001 pH. Annoying re- 
calibration due to zero drift is eliminated with the transistorized 
chopper-amplifier circuit. The instrument is unaffected by 
PARAM ETER changes in room temperature or fluctuation in line voltage. A 
special input filter makes the usual grounding and shielding pro- 
cedures unnecessary. 


AN A wR e- ER The Model A is easy to operate, with all calibration knobs ar- 


ranged into function groups around the selector switch. Locks 
are provided on all knobs to prevent accidental changes in cali- 
bration. Both pO, and pCO, are read directly on the instru- 

MOD EL A ment in millimeters of mercury, thus eliminating the chance for 
error in reading nomographs or calibration curves. With proper 
technique, accuracy of pO, and pCO, determinations can ex- 
ceed that of the usual techniques; yet a pO. determination can 
be made in one minute, and a pCO, determination in about three 
minutes. Complete details available on request. 


RISEMAN DEVELOPMENT LABORATORY 
18 MOUNT AUBURN STREET - CAMBRIDGE 38, MASSACHUSETTS 
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clinical endorsement grows 
proof accumulates 


SPECIFIC FOR THE DISSOLUTION 
OF INTRAVASCULAR CLOTS 


j 
TRADEMARK 
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NOT JUST A NEW DRUG...A NEW THERAPY ae 
Ortho 


TODAY'S ADVANCED THINKING—TOMORROW’'S PRACTICE CONCEPTS 


Sunderman & Sunderman 


LIPIDS AND THE STEROID HORMONES 
IN CLINICAL MEDICINE 


This book consists of the edited proceedings of an 
applied seminar on Lipids and Steroid Hormones in 
Clinical Medicine sponsored by the Association of 
Clinical Scientists. It includes pertinent fundamental 
chemistry, methodology and clinical applications of the 
serum lipids and lipoproteins as well as steroid hor- 
mones of clinical importance. The contributors are all 
recognized investigators. Unique in scope and ap- 
proach, it is an invaluable source of reference for 
clinical investigators, clinical pathologists, clinical 
biochemists, internists, endocrinologists, and workers 
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McDonald (Editor)—PATHO- 
GENESIS AND TREATMENT 
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Seven (Editor)—METAL-BIND- 
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125 Illustrations, 79 Tables. New, 
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SEARCH IN BIOLOGY AND 
MEDICINE—123 Pages. 1958 
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Weil—THE PLASMA PRO- 
TEINS: Clinical Significance— 
133 Pages, 2 Illustrations, 6 Tables. 
1959 $3.50 


in clinical laboratories. 


207 Pages Illustrated NEW, 1960 


Gibbs (Editor) —MOLECULES 
AND MENTAL HEALTH—189 
Pages. Tables and _ Illustrations. 

$10.75 NEW, 1959 $4.75 


Order from your bookstore, or direct from the publisher 


East Washington Square, Philadelphia 5, 


NOW OVER 18,000 


CHEMICALS - 


@ Indoxypotassium Sulfate 

@Inosine Triphosphate (Barium 
Salt) 

@ Iodine Pentafluoride 

@ Iodine Trichloride 

@ a-Iodoacetoacetic Acid Ethyl 
Ester 

@ 2-Iodothiophene 

@ 3-Iodotyrosine (Sodium Salt) 

@ Iridium Nitrate 

@ Iron Fluoride 

@ Iron Hypophosphite 

@ Iron Iodate 

@ Iron Iodide 

@ Iron Oleate 

@ Iron Salicylate 

@ Iron Selenide 

@ Iron Tetracarbonyl, cryst. 

@ Isoarachidic Acid 


Ask for our new 
complete catalogue 


17 West 60th St., New York 23, New York — 
Plaza 7-8171 


Pa. 


The Journal of Clinical Investigation 
333 Cedar Street New Haven 11, Conn. 


COMPLETE VOLUMES 
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Do you have your free 


Baird-Atomic offers a choice of 

twenty-three (23) scaler combinations 
every counting application .. . 
every budget. 

Select the scaler specifically engi- 
neered. to your special problem — 
choose Baird-Atomic. Write or call 

_ today for prompt service. 


copy of the Baird-Atomic Radioisotope Data Chart? If not, write today to Department CI 


BA/IRD-ATOMIC,/NC. 


JS university road + cambridge 38, mass. 


AUTOMATIC 
PUMP FOR 
CONTINUOUS 
INFUSION AND 
WITHDRAWAL 


CATALOG NO. 600-950 


The 600-950 is a double infusion-with- 
drawal unit accomplishing automatic and 
continuous transfer of large quantities of 
liquids over extended periods of time. High 
accuracy is produced by a synchronous mo- 
tor and precision-cut lead screws. As all 
actions are automatic, the pump will run 
continuously without maintenance. Limit 
stops reverse motor direction and change 
valves. While one syringe is filling, the other 
is emptying. Valves are solenoid-operated 
Hoftman-type clamps acting on the outside 
of plastic or rubber tubing. ‘Thus the 


entire liquid system may be kept sterile. 

The unit is furnished complete except for 

syringes. 

SPECIFICATIONS 

@ 12 exact speeds over a 5000-1 range 

@ 72 separate pumping and withdrawal 
rates from 38.2 cc./min. to 0.0008 cc./ 
min. 

@ Reproducibility of + 0.5% 

@ Accepts standard Luer-Lok syringes 

$650.00—f.0.b. Dover, Mass. 


Data Sheet 900-Pumps and Catalog available on request 
HARVARD APPARATUS CO., INC. - Dover, Mass., U.S. A. 


(a non-profit organization) 


RARE and FINE ORGANICS 


A few of the thousands of rare stock chemicals 


N-ETHYL MALEIMIDE . . $60.00/100g. 


DIISOPROPYLFLUOROPHOSPHATE .$16.00/g. 


2-FLUOROPYRIDINE 30.00/10g. 


IMIDAZOLE (Glyoxaline) 99% pure ... 
2-KETOGULONIC ACID 


12.50/10g. 
PYOCYANINE (free base) 9.00/100mg. 
SCDIUM-alpha-NAPHTHYL ACID 


4OSPHATE 70.00/25g. 


Write for catalog #3 listing over 12,000 RARE— 


alkaloids hydrocarbons steroids 
amino acids keto acids sugars 
enzymes fatty acids purines 
biochem preps peptides carcinogens 


Write Dept. “C” 


LABORATORIES, INC. 


‘177-16 93rd AVENUE JAMAICA 33.N.Y 


J.C.I. SUPPLEMENTS 
Order while still available 

Symposium on Malaria 

May, 1948, Part II $2.00 
Symposium on Antibiotics 

September, 1949, Part I $2.00 
Symposium on Radioactive Isotopes 

November, 1949, Part I $2.00 
Treatment of Acute Infectious Hep- 
atitis 

July, 1955, Part II $1.50 
The Renal Lesion in Epidemic 
Hemorrhagic Fever 

January, 1957, Part II $1.50 
Metabolic Studies in Paralytic 
Acute Anterior Poliomyelitis 

June, 1957, Part II $1.50 

Studies on Influenza in the 1957- 
1958 Pandemic 

January, 1959, Part II $1.50 
History of the A.S.C.I. 

October, 1959, Pt. II $1.50 


Order through the Business Office of 


THE JOURNAL OF CLINICAL INVESTIGATION 
333 Cedar Street New Haven 11, Conn. 
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4TubeModel £¥ 
Showing Use With 
Different Size, Tubes 


Insert tube in neopre 
Snap tube into clip | 
Flip switch 
Vortex rises, and 


Instant Controlled t 


| | Thorough Mixing 


n tubes of many 
sizes with the 


ELIMINATES HAND MIXING... 
SAVES TIME... INCREASES ACCURACY! 


Individual 3-speed control for each tube. 
Simple, one-hand insertion or removal of tubes. 
Eliminates stoppers, rods, or finger capping. 
Accommodates tubes up to 25 mm. diameter, 
up to 200 mm. long. 


ADAPTABLE TO ANY MIXING PROCEDURE 
IN TEST TUBES OR CENTRIFUGE TUBES 


Here at last is a simple method of 
eliminating the drawbacks of hand mixing. 
Avoid contamination and loss from rods 
or stoppers. Avoid skin irritation 

and inaccuracies from finger capping. You 
will be amazed and delighted at how 

easy it is to obtain fast thorough mixing 
with the patented VORTEX MIXERS. 


Ask your Laboratory Supply Dealer for particulars, or write to: 


Scientific Industries Inc. 
DEPT. CI-9 e 15 PARK STREET e SPRINGFIELD 3, MASSACHUSETTS 
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with the New 


TURNER 
Model 110 
FLUOROMETER 


The Turner Model 110 Fluorometer 
is particularly suited for routine 
trace analyses in the range of parts 
per billion with applications in 
clinical laboratories, industrial toxi- 
cology, argicultural and food chem- 
istry, air pollution and other fields. 


Range is approximately 0.05 to 
1.5 micrograms quinine sulfate for 
full scale reading. Resolution is linear 
to 1%, readable to 0.5% or better. 
Sensitivity is 5 parts in 100 billion, 
or 5x10-4 micrograms quinine sul- 
fate, absolute. Used as a NEPH- 
ELOMETER it will resolve as little 
as 0.01 APHA standard turbidity 
units (about 0.01 ppm silica). Once 
the instrument is balanced a whole 
series of similar samples can be run 
one after another without having to 
refer to the standard—resulting in 
a considerable saving of time. Nor- 
mal sample required in a 12 x 100 
mm test tube is 4 ml. 


H-24897 Fivorometer, Turner Model 110. Case is 
16 gauge steel with two-tone green enamel; 9” 
deep, 12” wide, 12” high; knobs are black. For 
use on 115 volts AC, 50-60 cycle. Draws 100 
watts. Supplied with 3600A ultraviolet lamp 
and spare lamp; primary and secondary filter; 
and five 12 x 100 mm round Pyrex cuvettes. 
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IT HAPPENED THIS MONTH... 


a glance at yesterday in relation to today 


IN SEPTEMBER — (1831) — at the first annual meeting of the British Association 
for the Advancement of Science, John Dalton! reports a series of experiments con- 
cerning the relationship of his food consumption to his body secretions. He shows 
that the carbon content of his diet is 11% oz. daily. of which there passes off sensibly 
1 oz. The carbonic acid gas expelled from his lungs contains 10% oz. of carbon 
leaving % oz. lost as insensible skin perspiration. Mr. Dalton’s “regular habits of 
life and uniform good health” added validity to this self-experimentation. 


Modern students of intermediary metabolism have much more sophisticated ways of 
studying the fate of carbon. Schwarz BioResearch supplies over sixty C14-labeled 
intermediates, including amino acids, nucleic acids and their component parts, 
carbohydrates, and metabolic cofactors. Our list of tracer compounds which includes 
H?, S*5, P?2 and N'5 has recently been enlarged by the inclusion of O'8-labeled 
amino acid compounds from the Yeda Research and Development Company, Ltd. 
at the Weizmann Institute of Science in Israel. 


IN SEPTEMBER — (1881) —a physician from Washington, D.C. describes the 
hair-darkening action of pilocarpin, an alkaloid of the Brazilian drug, jaborandi. 
A 25-year-old petite blonde lady was given hypodermic injections of pilocarpin 
hydrochlorate to relieve uremia due to chronic pyelitis. Over a period of months her 
hair changed from a very light color to almost pure black. Hair on other parts of the 
body also changed color, and the eyes became a much darker hlue. Similar hair-dark- 
ening was observed in a 14-month infant given pilocarpin for membranous croup.” 


Today many biochemists are under the impression that hair color is dependent upon 
melanin, a product of the oxidative metabolism of the amino acid, tyrosine. Their 
wives, however, know that external factors may change hair color overnight. For- 
tunately for the chemist whose true interest is amino acid metabolism, Schwarz can 
supply amino acids of constant, unchanging purity. The Schwarz Kit of 18 optically 
standardized amino acids is suitable for the most precise research or industrial pur- 
pose. The box is designed for accessibility, safety, and visibility of contents. 


IN SEPTEMBER — (1910) — speculation concerning the chemical basis of heredity 
continues. In an address to the British Association Section on Zoology, G. C. Bourne 
states, “All the evidence at our disposal goes to show that the potentialities of germ- 
cells are determined at the close of the maturation divisions. Following the physio- 
logical line of argument, it must be allowed that in this connection ‘potentiality’ 
can mean nothing else than chemical constitution. If we admit this, we admit the 
validity of the theory, advanced by more than one physiologist, that heritable ‘char- 
acters’ or ‘tendencies’ must be identified with the enzymes carried in the germ cells.’”* 


Half a century later it is clear that the theory would be absolutely valid as stated if 
we substitute “nucleic acids” for “enzymes.” Biochemical geneticists and workers 
in related fields will be interested in the full line of nucleic acid compounds available 
from Schwarz BioResearch. We supply DNA, RNA, nucleotides, nucleosides, purines 
and pyrimidines, sugars and sugar phosphates. Many have been radiolabeled. For 
example, tritiated thymidine and other H*-labeled nucleic acid compounds are key 
tools for genetic studies. Write for our latest catalog and price list. 


1. Dalton, J.: On the proportion between the quantity of food and the evacuations. Rep. Brit. A. Adv. Sc., 1831, 
p. 74. 2. Prentiss, D. W.: Pilocarpin — its action in changing the color of the human hair. Science 2:442 (Sept. 17) 
1881. 3. Bourne, ‘G. C.: Address to The British Association at Sheffield. Nature 84:378 (Sept. 22) 1910. 
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Quantitative! 


“UROGRAPH can give clinically accurate results in approximately 1 
the usual laboratory time. Additional laboratory savings can also be 
measured in the small amount of laboratory space and required glass- 


ware.” (Appleton, H. D., Mandel, Mary and Sala, A. M. Presented before the Eleventh 
Annual Meet. Am. Assoc. Clin. Chem. Cleveland, Ohio, Aug. 27-28, 1959) 


urea nitrogen chromatography papers 


U ro f= ra p a for determining urea nitrogen levels in 


serum or plasma. 


. + Available in packages of 500 tests at $48.00 
maximum accuracy | minimum work and 100 tests at $18.00. 
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Why Change? 


Something new under the laboratory sun was presented in 
1956. 


A human serum with a normal electrophoretic pattern and 
known normal values was oflered for use in quality control 
over clinical chemistry—and for standardization and cali- 
bration of laboratory procedures. 


The first completely abnormal serum control and standard 
— Versatol-A—was made available in 1957. During the past 
four years professional group after professional group has 
come to recognize the pricelessness of quality control ob- 
tained with valid human serum knowns. 


Versatol and Versatol-A have stood the test of time. They 
have helped in launching a new era—now endorsed by even 
the most conservative individuals and judicious professional 
organizations. 


WHY THIS CHANGE? Important facts on current trends 
in clinical chemistry are detailed in a new series of notes 
produced by the Scientific Information staff of Warner- 
Chilcott’s General Diagnostics Division. “Current Com- 
ments in Clinical Chemistry” are available free on request. 
Write for them. And use Versatol and Versatol-A routinely. 
Available from your General Diagnostics Distributor. 


Versatol-A 
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e Freedom from Addiction 

e No Adverse Effect on Vision 

e Patients Retain Physical and Mental Acuity 

e Does Not Interfere with Blood Clotting 

e No Diaphoretic Effect 

e Suitable for Patients Subject to Smooth-Muscle Spasm 
e Continued Effectiveness after Prolonged Therapy 

e Superior to Salicylates in Ulcer Patients 


Preparations of Darvon: 
Darvon—32 and 65-mg. Pulvules® 
Darvon® Compound Darvo-Tran® 


Darvon® (dextro propoxyphene hydrochloride, Lilly) 

Darvon® Compound (dextro propoxyphene and acetylsalicylic acid 
compound, Lilly) 

Darvo-Tran® (dextro propoxyphene and acetylsalicylic acid with 
phenaglycodol, Lilly) 
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THE EFFECTS OF BODY POSITION, GANGLIONIC BLOCKADE 
AND NOREPINEPHRINE ON THE PULMONARY 
CAPILLARY BED * 7 


By BENJAMIN M. LEWIS, WILLIAM T. McELROY,} ERNEST J. HAYFORD- 
WELSING § anp L. CARL SAMBERG 


(From the Pulmonary Function Laboratory, Department of Medicine, Wayne State University 
and City of Detroit Receiving Hospital, Detroit, Mich.) 


(Submitted for publication February 17, 1960; accepted April 7, 1960) 


Roughton and Forster (1) have demonstrated 
that the volume of blood in the pulmonary capil- 
laries (V,.) and the true diffusing capacity of the 
pulmonary membrane (DM), which, presumably, 
is related to the thickness and area of the pulmo- 
nary capillary wall, may be calculated from meas- 
urements of the pulmonary diffusing capacity for 
carbon monoxide (Die) at several different cap- 
illary oxygen tensions. Their method makes pos- 
sible the study in the intact human of a capillary 
bed which is of great physiological and clinical im- 
portance. We have previously studied (2) the 
behavior of this bed in mild exercise and during 
change in position. In the present study, we have 
infused a ganglionic blocking agent and norepi- 
nephrine during change of body position and have 
correlated the changes which occurred in V, and 
Dm» with available information on the cardiovas- 
cular effects of these procedures to explore the 
manner in which the pulmonary capillary bed is 
regulated. 


MATERIALS AND METHODS 


Subjects for these studies were young adult male vol- 
unteers in good health. Physical characteristics of these 
subjects are given in Table I. In each subject, the ten- 
sion of carbon monoxide in equilibrium with capillary 
blood was determined by a rebreathing method (3). The 
subject then lay on a comfortably padded tilt table and 

* The material was presented in part at the fall meeting 
of the American Physiological Society, London, On- 
tario, Sept. 5, 1958 and at the Midwestern Section of the 
American Federation for Clinical Research, Chicago, IIl., 
Oct. 30, 1958. 

+ This work was supported by grants from the Na- 
tional Heart Institute (H2379), the Receiving Hospital 
Research Corp., and the Michigan Heart Association. 

~ This work was performed during an American Physi- 
ological Society Summer Research Traineeship. 

§ This work was performed during tenure of a Fellow- 
ship with the Michigan Heart Association. 


an intravenous infusion of 5 per cent dextrose in water 
was begun and allowed to run slowly. The experimental 
procedure shown in Table II was then carried out. 

The infusion solution was then changed to either tri- 
methapan camphor-sulfonate (Arfonad), a ganglionic 
blocking agent (5), 1 mg per ml, or norepinephrine 
(Levophed), 4 wg per ml. The rate of infusion of tri- 
methapan was regulated so that the systolic blood pres- 
sure after one minute in the 45° head-up position was 
approximately 90 mm Hg; the rate of infusion of nor- 
epinephrine was regulated to maintain a systolic blood 
pressure of 140 mm Hg in the recumbent position. The 
experimental procedure given above was then repeated. 
In all studies in which trimethapan was used, the infu- 
sion was discontinued and a final equilibyium Pco was 
measured. Initial and final measurements of equilibrium 
Pco were used in computing Dieo (2). In four of these 
subjects another control determination and study during 
the infusion of norepinephrine were carried out. In two 
subjects in whom norepinephrine was infused first, the 
infusion fluid was changed to trimethapan and a third 
set of measurements made under these conditions. 

The Po, of each of the rebreathing bags was meas- 
ured by a paramagnetic oxygen analyzer.1 The recipro- 
cal of the reaction rate of CO with hemoglobin at this 
Po, (1/6) was taken from the published graphs of 
Roughton, Forster and Cander (6) assuming » of 2.5, 
and the V. and DM in each position were obtained graphi- 
cally from the plot of 1/6 against 1/Dtco. 


TABLE I 
Physical characteristics of subjects 
Vital 
Subject capacity 


~ 


1 Model £F2, 
Calif; 


Beckman Instruments, Inc., Fullerton, 
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TABLE II 
Plan of experiment 


Position 


Time 


Measurements* 


Gas breathed 


Recumbent Oxygen 
2 0 45° Head-up Oxygen 
3 0 Recumbent Oxygen 
4 0 Recumbent 0.3% CO, 10% He, Dico, blood pressure, 
89.7% Oot pulse 
4 30 Recumbent Oxygen 
6 30 45° Head-up Oxygen 
7 30 45° Head-up 0.3% CO, 10% He, Dio, blood pressure, 
89.7% pulse 
8 0 Recumbent Room air 
11 0 45° Head-up Room air 
12 0 Recumbent Room air 
13 0 Recumbent 0.3% CO, 10% He, Dico, blood pressure, 
13 30 Recumbent Room air 
15 30 45° Head-up Room air 
16 30 45° Head-up 0.3% CO, 10% He, Dio, blood pressure, 
21% Ox, 68.7% Not pulse 
17 0 Recumbent Room air 


* Dico was measured by a rebreathing method (4). 


RESULTS 


The results obtained are shown in Table III. 
These data are summarized in Table IV. Ar- 
rows indicate significant differences when the 
data are subjected to variance analysis (7). In 
the trimethapan group, studies on D. J. and J. L. 
are included although norepinephrine was infused 
before trimethapan was given. The changes fol- 
lowing trimethapan in these subjects are of ap- 
proximately the same magnitude and direction as 
in those in whom trimethapan infusion immedi- 
ately followed the control. The direction of 
changes from the recumbent position during the 
various procedures employed is indicated in 
Table V. 

DISCUSSION 


Limitations of the methods. We have dis- 
cussed elsewhere the accuracy of the rebreathing 
method of measuring Diep used in these studies 
(4) and of the computation of V, and Dm (2). 

With regard to the rebreathing method, we con- 
cluded that the values obtained by its use are less 
subject to errors due to uneven ratios of diffusing 
capacity to alveolar volume or to alveolar ventila- 
tion than other methods using carbon monoxide. 
Further, any changes in the volume of the lung 
during the procedures used in these studies are 


{ Obtained from The Matheson Company, East Rutherford, N. J. 


taken account of, since a measurement of the com- 
bined volume of lung and rebreathing bag is ob- 
tained simultaneously with a measurement of 
DLco. 

With regard to the computation of V, and Dm, 
we felt that the values obtained were approximate 
rather than exact and that the chief usefulness of 
such computations lay in detecting changes in 
these parameters. The fact that the values of V, 
and Dm that satisfy a given value of Dtco lie on 
a rectangular hyperbola must be borne in mind in 
assessing the significance of such changes. Be- 
cause of this relation, it is possible that a change 
in Dteo within the limits of experimental error 
might cause a striking change in the computed 
values of V. or Dm. Standard statistical meth- 
ods, such as those used in this study, should dis- 
tinguish such random changes from significant 
alterations. In addition, we may compare data 
on the effects of tilting in the present study with 
data we have previously reported (2) on changes 
in V, and Dm in the sitting and recumbent posi- 
tions using a different method of measuring Dtco 
(Table VI). The absolute values for Diego and 
V.. differ, especially the latter, but the direction 
of change is the same. Dm increased in the sitting 
position in the single breath studies, but did not 
change in the rebreathing data. However, the 
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EFFECT OF POSITION AND DRUGS ON PULMONARY CAPILLARY BED 


TABLE III 


Measurements of diffusing capacity, capillary volume and membrane diffusing capacity* 


Subject Position Drug Po, 100 Po, 600 Ve Du Blood pressure Pulse 
ml/mm ml /mm 
Hg X min ml Hg X min mm Hg 
ae Oe R N 39.6 26.5 211 52 113/67 Sf 
fa N 36.5 20.4 125 60 100/73 71 
R A 38.8 23.2 153 60 101/64 67 
5 i A 38.6 19.8 107 84 102/74 79 
R N 35.8 22.6 175 50 105/61 66 
T N 37.5 19.1 107 83 103/74 85 
R 2 44.5 23.1 137 99 140/81 56 
+ L 43.8 23 151 72 141/82 66 


4 120/80 
Wi 21:2 145 54 118/92 59 
4 25.4 182 64 143/86 59 
2 23.4 167 55 141/87 53 


we Ww 


R N 32.0 130/100 
T N 24.0 15.0 120 33 
R A 30.3 15.3 83 62 137/92 
sy A 22.0 12.0 69 41 80/57 
Df. R N 39.1 27 143 64 120/170 70 
N 19.8 119 69 112/68 76 
R i 48.5 27.0 159 84 128/85 57 
L 36.4 154 55 140/91 68 
R A bs pos 18.4 105 67 100/71 71 
T A 30.9 15.3 87 62 86/74 102 
M.N R N 31.8 18.4 109 59 118/78 77 
r N 28.1 16.8 112 45 119/88 88 
R A 29.2 17.5 119 45 115/82 101 
r A 26.3 15.2 95 45 101/90 122 
R N 29.0 17.8 125 44 124/78 81 
r N 28.7 16.4 107 47 124/88 98 
R L 32.8 18.9 135 48 151/99 76 
¥ L 29.9 17.5 1SZ 42 142/91 79 


R N 24.1 15:2 114 35 106/80 60 
a, N 22.6 12.6 79 35 106/82 62 
R A 21.4 14.1 114 29 100/80 62 
cy A 18.7 11.1 77 28 90/80 82 
R N 21.2 14.7 139 27 111/74 66 
‘i N 19.8 12.2 85 30 107/75 64 
R L 24.0 15.9 128 32 144/93 49 
Ey L 26.0 16.2 119 38 136/85 54 


N 14.5 110/65 
N 21.0 139 104 30 108/83 84 
L 23.0 14.8 108 33 140/100 48 
L 23.0 15.6 130 31 140/93 59 
A 20.3 13.2 100 28 102/72 84 
A . 12 70/58 


N 34.8 20.1 130 59 108/64 65 
N 34.3 18.4 111 62 102/77 71 
A 36.0 19.6 122 57 98/68 63 
A 30.8 13:3 90 a2 78/66 87 
N 34.8 243 144 55 107/65 63 
N 33.0 17.9 113 58 102/75 70 
i; 39.2 22.8 150 65 146/89 51 
L 34.0 21.8 158 51 142/83 50 


* The following abbreviations are used: R, recumbent; T, tilted 45°; N, glucose infusion; A, trimethapan (Arfonad) 
infusion; L, norepinephrine (Levophed) infusion; Dico, diffusing capacity of lungs; po,, approximate alveolar oxygen 
tension; Ve, capillary blood volume; Dy, membrane diffusing capacity. 
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TABLE IV 


Summary of results * 


Po, 100 


Condition R T 


Control 


32.1 29.1 
Trimethapan 30.2 — 26.7 


30:2 


Control 


Norepinephrine 36.3 — 33.0 


19.5 > 16.7 
17.3 > 14.3 
19.6 > 17.2 
21.1 


135 — 110 
114 85 
143 > 111 

144 


t 
19.9 143 


* Abbreviations are the same as in Table II]. Arrows indicate significant differences. 


TABLE V 


Relation of V. and Dx» to hemodynamic changes 


Position Procedure PAP co 
Tilted 
Recumbent 
Tilted 
Recumbent 
Recumbent 
Tilted 


None 
Trimethapan 
Trimethapan 
Exercise t t 
Norepinephrine t 
Norepinephrine 


* 


PCP PVR f Du Reference no. 


wedge) pressure; PVR = pulmonary vascular resistance; TMP = transmural pressure in capillary (deduced, see text) ; 


blank = no data; ? = conflicting results. 
administered. For other comment see text. 


conclusion drawn from the two sets of data is 
the same. In each case there is an increase in 
surface area and/or decrease in diffusion path 
per unit of capillary volume. This comparison 
strengthens our confidence in the qualitative va- 
lidity of the changes found in these studies. 
Interpretation of results. Physiological study of 
the capillary circulation of the lung has been made 
directly by biomicroscopy and indirectly by the 
techniques used in this study. The available data 
on the behavior of the pulmonary capillaries using 
the indirect technique are summarized in Table V. 


Arrows indicate direction of change from recumbent position, no drug 


The pulmonary capillary bed may either pas- 
sively conform to events elsewhere in the cardio- 
vascular system or possess active vasomotion. 
That is, the observed changes in this bed may be 
either secondary or primary. 

The notion of a passive or secondary change in 
the pulmonary capillary bed needs some clarifica- 
tion. For a vessel which contains muscular and 
fibrous elements in its wall (as arterioles and 
venules), the criteria for such a change have been 
succinctly stated by Burton (15): The size of a 
vessel is governed by the pressure difference be- 


TABLE VI 


Effects of position; comparison of methods * 


Dico 
Pos 100 


Pos 600 
Subjects 1% R T R T 


Method 
Single breath 4 31. 26.9 
? 


5.0 11. 86 59 
Rebreathing 7 29.1 19.5 16. 


135 110 


* Abbreviations are the same as in Table III. ‘Single breath’’ results were previously published (2) and were 
done in sitting rather than tilted position. 
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Bae * Abbreviations: PAP = pulmonary artery pressure; CO = cardiac output; PCP = pulmonary ‘“‘capillary’’ (or 
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EFFECT OF POSITION AND DRUGS ON PULMONARY CAPILLARY BED 


tween its lumen and the surrounding tissue (trans- 
mural pressure) and by the tension in its wall. 
If the size changes in the same direction as the 
transmural pressure, this change may be (but not 
must be) passive; if size and transmural pressure 
change in opposite directions, active vasomotion is 
involved. Capillaries, however, are simple endo- 
thelial tubes and on biophysical grounds should 
open fully if the transmural pressure exceeds a 
certain value (critical opening pressure) ; no gra- 
dations in patency between closed and fully open 
should occur (16). The remarkable constancy of 
pulmonary capillary diameter seen by biomicros- 
copy (17) confirms this prediction. To call a 
change in the pulmonary capillaries passive we 
must assume that the critical closing pressures of 
the pulmonary capillaries cover a range of values 
from low to high and that these critical closing 
pressures do not alter during the change in ques- 
tion. Then, during a rise in transmural pressure 
the critical opening pressure of certain capillaries 
previously closed should be exceeded and these 
capillaries will open, increasing V. (or vice versa 
during a fall of transmural pressure). If these 


assumptions are not proved, active vasomotion 


cannot be excluded. On the other hand, if trans- 
mural pressure and V, change in opposite direc- 
tions, the change cannot be explained on a passive 
or secondary basis and active vasomotion is in- 
volved. 

We are not aware of measurements of pulmo- 
nary capillary transmural pressure. However, the 
mean capillary transmural pressure must bear 
some relation to the pressure in the pulmonary 
artery and the pulmonary veins. 

In Table V we have summarized the data avail- 
able on the changes in the pulmonary circulation 
during the procedures we employed and our de- 
ductions from this data as to changes in the capil- 
lary transmural pressure. Transmural pressure 
must, of course, exceed pulmonary venous pres- 
sure and, barring venous constriction, these two 
pressures must change together. Pulmonary “cap- 
illary” (or wedge) pressure is an acceptable meas- 
ure of pulmonary venous pressure in man (18), 
and in Table V we have used it as an index of 
changes in transmural pressure. Pulmonary artery 
pressure is a less reliable guide to changes in 
transmural pressure because, although it must al- 
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ways exceed transmural pressure, the two need 
not change together, since the resistance of the 
pulmonary arterioles is interposed. 

In addition to mean pulmonary artery pressure 
and pulmonary arteriolar resistance, the trans- 
mural pressure in the capillaries may be affected 
by changes in the vertical distance from the cap- 
illaries to the root of the pulmonary artery during 
changes in position. We believe this last factor 
is of less importance than the other two since its 
effects tend to cancel out. The anterior portions 
of the lungs are supplied against gravity in the 
recumbent position while the superior portions are 
similarly affected in the erect position. The well 
known decrease of oxygen uptake in the upper 
lobes when the subject is upright (19) has as its 
corollary an increase in oxygen uptake in the 
lower lobes. 

Certain comments on Table V should be made 
here. We have not found measurements of pulmo- 
nary “capillary” pressure during trimethapan ad- 
ministration and have used the data of Fowler and 
associates (10) for a related drug, tetra-ethyl 
ammonium. Fowler (11) does not specify the 
ganglionic blocking agent used in his studies. The 
data on pulmonary vascular resistance during nor- 
epinephrine administration are conflicting (13, 
14), but the conclusion that capillary transmural 
pressure rises seems warranted, regardless of 
change in pulmonary vascular resistance. The 
data on the effects of norepinephrine infusion dur- 
ing head-up tilt are scanty. DeFazio, Regan and 
Binak* have found that cardiac output did not 
change when a patient was tilted during norepi- 
nephrine infusion. The secretion of norepineph- 
rine is a normal response to assuming the upright 
position (20) and deficiency of such secretion has 
been reported in orthostatic hypotension (21). 
Presumably, norepinephrine infusion prevents ve- 
nous pooling and thus maintains cardiac output, 
pulmonary artery pressure and transmural pres- 
sure at or above control values. The data which 
have been specificially mentioned above are indi- 
cated by brackets in Table V. 

It will be seen that during tilting, trimethapan 
infusion and exercise, transmural pressure and V, 
change in the same direction. These changes 


2 Personal communication. 
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might be passive or secondary to the variation in 
transmural pressure brought about by events else- 
where in the cardiovascular system. However, 
during norepinephrine infusion in the recumbent 
position in which hemodynamic data suggest that 
capillary transmural pressure increases, V, does 
not change. This is evidence in favor of active 
vasomotion in the pulmonary capillary bed. 

The possible site of such vasomotion is of inter- 
est. In general, arterioles are joined to venules 
by thoroughfare or preferential channels which 
have thin muscular walls and are direct continua- 
tions of the feeding arteriole. True capillaries 
arise as lateral branches of these thoroughfare 
channels (22). Garcia-Ramos (17) has con- 
cluded that this arrangement of thoroughfare chan- 
nels with lateral branches exists in the lungs. A 
ring of smooth muscle (precapillary sphincter) is 
known to exist at the junction of true capillaries 
with their thoroughfare channels in other organs 
and such sphincters are exquisitely sensitive to 
circulating vasoconstrictors like norepinephrine 
(22). If such sphincters existed in the lung, their 


constriction might prevent the increased trans- 
mural pressure from opening previously closed 


capillaries. 

It should be reiterated at this point that because 
a change in capillary volume could be explained 
by a passive conformity of the capillary bed to a 
change in transmural pressure does not mean that 
this is the mechanism involved. The occurrence 
of capillary vasomotion is not excluded in certain 
of these situations. Thus, if the norepinephrine 
secreted during tilting (20) were to constrict the 
precapillary sphincters, capillary volume might de- 
crease independently of changes in transmural 
pressure. However, capillary volume goes up on 
exercise when norepinephrine release also occurs 
(23) and trimethapan, which should block nor- 
epinephrine release, causes a more profound drop 
of capillary volume on tilting, not a less profound 
change as one might predict if one views capillary 
vasomotion as the mechanism governing the cap- 
illary bed. This, of course, assumes that tri- 
methapan has no action of its own on the precap- 
illary sphincters as shown in the rat mesentery 
(24). 

Thus, from the limited evidence available, the 
changes in capillary volume which occur on tilting, 
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during exercise and during trimethapan infusion 
can be more readily explained as passive responses 
of the capillary bed to events elsewhere in the 
cardiovascular system, which vary transmural pres- 
sure, than as active vasomotion of this bed. How- 
ever, the fact that capillary volume does not in- 
crease during norepinephrine infusion suggests 
that under certain circumstances active vasomotion 
does occur in the pulmonary capillary bed. It is 
possible that both secondary and primary effects 
on the capillary bed occur in most situations, but 
more subtle experiments involving perfusion and 
quantitative biomicroscopy would be necessary to 
detect this interaction. 

Interpretation of the changes in Dm in these 
studies is more complex than that of the changes 
in V.. 
area of the capillaries in contact with the alveoli 
and of the distance that gas must travel from 
alveolus to capillary. Either or both of these 
parameters may change. 

According to the Starling hypothesis, in a 
“solid” organ capillary transmural pressure, the 
osmotic pressure of the blood, and tissue pressure 
are in equilibrium. If transmural pressure rises, 
fluid passes from the capillary until tissue pressure 
increases to restore equilibrium. The process is 
reversed if transmural pressure falls. It is not 
known if significant tissue pressure can develop 
in this way between the alveolar and capillary 
walls in a “spongy” organ like the lung or if fluid 
passing from the capillary remains within this wall, 
thickening it. If this latter process does occur, a 
fall in transmural pressure would cause fluid to 
enter the capillary and decrease the distance for 
This is a possible explanation of the 


Dm presumably is a measure of the surface 


diffusion. 
finding that Dm did not change during tilting or 
trimethapan infusion, which decrease transmural 
During exercise both Dm and trans- 
V.. also increases, how- 


pressure. 
mural pressure increase. 
ever, indicating that more capillaries are open with 
greater surface area. The increase in Dm during 
norepinephrine infusion remains unexplained. 
Measurement of changes in lung tissue volume 
(25) concurrently with Dm might place interpre- 
tations of DM on a sounder footing. Thus, if lung 
tissue volume were to fall on tilting, although Dm 
did not change, there might be some support for 
the speculation advanced above that this is due to 
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EFFECT OF POSITION AND DRUGS ON 


passage of fluid from the alveolar capillary space 
into the capillary. 


SUMMARY 


1. The pulmonary capillary blood volume (V-.) 
and the diffusing capacity of the pulmonary mem- 
brane (Dm) were calculated from measurements 
of diffusing capacity of the lungs for carbon mon- 
oxide (DiLeo) in normal subjects in the recumbent 
and 45° head-up tilted positions, during a control 
period and during the infusion of trimethapan 
(Arfonad) and norepinephrine (Levophed). 

2. V.. fell during head-up tilting. The infusion 
of trimethapan in the recumbent position also de- 
creased V, and accentuated its decrease during the 
head-up tilt. Dm did not change significantly dur- 
ing these procedures. 

3. Norepinephrine did not change V, in the 
recumbent position, but led to an increase in DM. 
The decrease in V, on tilting was abolished by 
norepinephrine. 

4+. V. changed in the same direction as did the 
capillary transmural pressure deduced from avail- 
able hemodynamic data during tilting, trimethapan 
infusion, and exercise. This could be due to pas- 


sive conformity of the capillary bed to changes in 
transmural pressure. Active vasomotion, however, 
cannot be excluded. V, did not change, although 
transmural pressure probably was increased during 
norepinephrine infusion in the recumbent position. 
This is best explained by active vasomotion in the 
pulmonary capillaries. 
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The present study was undertaken to examine 
the local exudative cellular response in patients 
with leukemia and to determine whether alterations 
in the pattern of response might further explain 
their increased susceptibility to infection. Portions 
of the complex process of host resistance have been 
shown to be abnormal in leukemia (1-4). Some 
studies have demonstrated reduced phagocytic ac- 
tivity of the neutrophilic granulocytes in chronic 
granulocytic leukemia (3, 4), but this opinion is 
not universally shared (5). Although natural anti- 
body levels appear to be maintained in leukemia 
(6), impaired de novo antibody synthesis has been 
demonstrated in chronic lymphocvtic leukemia (1, 
2). Despite the fundamental role of the inflam- 
matory reaction in determining the body’s resist- 
ance to bacterial invasion, the characteristics of this 
important defense mechanism have received little 
attention in leukemia. 


MATERIALS AND METHODS 


A group of 26 patients with various types of acute and 
chronic leukemia and 10 hematologically normal subjects 
were included in this study. The normal subjects were 
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Clinical description of patients studied 
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adults admitted to the hospital with a variety of disorders, 
none of which would be expected to interfere with the 
local inflammatory response. 

Of the 26 patients with leukemia, 20 were male and 6 


were female. Their ages ranged from 18 to 74. Most of 
the chronic leukemia patients were in adequate hemato- 
logical remission and were receiving maintenance chemo- 
therapy, while most of the acute leukemia patients were 
in an active phase of their disease (Table I). 

The method employed was a modification of the glass 
coverslip technique developed by Rebuck and Crowley 
and described in detail elsewhere (7). The skin over a 
small area of the volar surface of the forearm was scraped 
with a sterile scalpel until the papillary layer of the 
corium was exposed. The lesion then was covered with 
a sterile glass coverslip which in turn was surmounted by 
a sterile cardboard square and 2 inch surgical tape. The 
cells responding to the combined stimulation of the sur- 
gical abrasion and glass surface adhered to the under- 
surface of the coverslip. The coverslips were removed at 
timed intervals, quickly air-dried, stained with Wright- 
Giemsa and mounted on glass slides. 

The slides were then examined microscopically. Each 
preparation was carefully examined with a low power 
scanning lens and its relative cellularity determined. At 
each stage of the local exudative cellular reaction the 
normal responses were graded as showing maximum 
cellularity (4+). Each leukemic preparation was then 
graded 0 to 4+ in comparison to the normal response 
at a comparable stage of the inflammatory cycle. The 
morphology and maturity of the local cellular exudates 
were determined under an oil immersion lens. Serial 
coverslip preparations were obtained at hourly intervals 
from each lesion for the first 12 to 14 hours and at 
22 to 24 hours after the initiation of the inflammatory 
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NORMAL 


24 
HOURS 


INTENSITY OF CELLULAR RESPONSE 


CHRONIC LYMPHOCYTIC LEUKEMIA 


GRANULOCYTES 


LYMPHOCYTES 


INTENSITY OF CELLULAR RESPONSE 


7 9 24 
HOURS 


CHRONIC GRANULOCYTIC LEUKEMIA 


Fic. 1. GRAPHIC REPRESENTATION OF THE LOCAL CELLULAR RESPONSE IN NORMAL SUBJECTS AND IN PATIENTS WITH 
LEUKEMIA. The heavy line represents the intensity of the local cellular responses graded 0 to 4+ (see text). The 
area below the heavy line is partitioned to show the time of initial appearance and relative participation of the three 
main types of responding cells during the 24 hour period studied. 


response. Two lesions were studied on the forearm of 
each patient and control subject. 


RESULTS 


Local cellular response in normal subjects ( Fig- 
ure 1). In general our findings in the normal 
subjects agreed with the earlier reports of Rebuck 
and Crowley (7). At about 1 to 1.5 hours fol- 
lowing injury a heavy concentration of mature 
neutrophilic granulocytes was noted on the cover- 
slip. This phase persisted for the first 6 to 8 hours 
of the inflammatory cycle. During this period 
there was minor participation by tissue histiocytes, 
eosinophils and lymphocytes. At the eighth to 
tenth hour of the cycle large, mature lymphocytes 
began appearing in increasing numbers and by the 
fourteenth hour they made up about 50 per cent of 
the local cellular exudate. From this point in the 
inflammatory cycle an increasing number of large, 
sessile macrophages was noted so that by the 
twenty-second to twenty-fourth hour they com- 
prised over 80 per cent of the cells present. Re- 
buck and Crowley have shown these cells to be 
derived from the lymphocytes present earlier and 
from tissue histiocytes (7). 


Local cellular response in leukemic patients 
(Figure 1). The local cellular response in pa- 
tients with leukemia differed in several ways from 
the normal. In all patients studied the initia! 
neutrophilic granulocyte response was delayed in 
its onset, beginning usually 3 to 3.5 hours follow- 
ing injury. In comparison with the normal this 
initial response was sparse, and maximum cellular- 
ity developed more slowly (Figure 2). 

In most of the patients with chronic granulocytic 
leukemia, granulocytes persisted significant 
numbers throughout the 24 hour period. Of addi- 
tional interest was the participation of significant 
numbers of basophils in the local response of these 
patients (Figure 3}. 

In chronic lymphocytic leukemia increasing 
numbers of mature lymphocytes began appearing 
at the fifth to seventh hour, whereas in the normal 
subjects this phenomenon did not begin until the 
eighth to tenth hour of the local cellular response 
(Figure 4). 

Except for the altered initial granulocyte re- 
sponse the patients with acute leukemia demon- 
strated no characteristic cellular patterns. 

In general the local exudative responses were 
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EXUDATIVE CELLULAR RESPONSE IN LEUKEMIA 


Fig. 2. FOREARM COVERSLIP PREPARATIONS AT THE 
THIRD HOUR OF THE LOCAL INFLAMMATORY CYCLE SHOW- 
ING THE MORPHOLOGY AND INTENSITY OF THE INFLAM- 
MATORY RESPONSE. A) Normal (4+); B)_ chronic 
granulocytic leukemia (1+); C) acute lymphoblastic 
leukemia (1+) (xX 1,200). 


made up primarily of morphologically mature cells 
regardless of the morphology and cellularity of the 
peripheral blood or bone marrow. This was most 
strikingly demonstrated in the patients with acute 
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leukemia (Figure 5). In only one patient in this 
latter group were a few nucleolated cells of histio- 
cytic type seen in the late stages of the local 
exudative response. Two patients with acute sub- 
leukemic leukemia showed no cellular response in 
the 24 hour period studied. The characteristics of 
the inflammatory responses observed in these pa- 
tients had no relationship to either the type of 
therapy or degree of hematological remission. 
Even those patients with chronic leukemia whose 
total leukocyte counts were within the normal 
range showed the delayed granulocyte response in 
the local inflammatory reaction. Neither age nor 
sex appeared to have a significant effect on the 
responses described. 
DISCUSSION 

The morphologic characteristics of the inflam- 
matory exudate were easily reproducible. In both 
groups the time sequence for the appearance of 
particular cell types showed little variation from 
patient to patient. The injury produced by the 
abrasion and the continued application of the 
coverslips was sufficient to reproduce the complete 
inflammatory cycle described by Rebuck and 
Crowley using specific nonpyrogenic bacterial sub- 
stances (7). The leukocyte preparations obtained 
were well preserved permitting accurate identifica- 
tion of cellular morphology and maturity. Despite 
limitations in quantitation, the decreased intensity 
of the early granulocytic response in the leukemic 
patient was so obvious that it is believed to be 
significant. 

The results of these experiments demonstrate 
that the early exudative cellular response of in- 
flammation in various types of leukemia is both 
delayed and diminished in comparison to the nor- 
mal. Earlier studies of the local inflammatory 
reaction have shown the first few hours of this 
response to be the crucial period which determines 
the success or failure of microbial invasion (8). 
The neutrophilic granulocyte is considered the cell 
of major importance during this phase of the 
body’s defense and its prompt arrival in adequate 
numbers at the site of injury constitutes the first 
line of defense against such invasion. The delayed 
and diminished granulocyte response demonstrated 
in our patients may provide a more adequate ex- 
planation for the susceptibility of leukemic patients 
to infection. It is interesting to note that similar 
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suBjEcts (LEFT) (X 1,600) AT THE TWENTY-SECOND HOUR OF INFLAMMATION. Several of the numerous basophils 


present are marked (arrows). 


Fic. 4. A 5.5 HOUR PREPARATION IN CHRONIC LYM- 
PHOCYTIC LEUKEMIA SHOWING THE PRESENCE OF SIGNIF- 
ICANT NUMBERS OF LYMPHOCYTES. These cells are fre- 
quently fixed in ameboid motion accounting for their 
irregular cellular outlines and the exaggerated indenta- 
tions of the nuclei (x 1,600). 


defects in the local defense reaction have been 
demonstrated in diabetic rabbits (9). These re- 
sults also were interpreted as indicating increased 
susceptibility to infection. 

Dionisi (10) and Bickhardt (11) have stated 
that patients with leukemia respond to inflamma- 
tion with immature leukemic cells. Except for the 
atypical and somewhat immature appearing cells 
which were noted late in the response of one of our 
patients with acute leukemia, we found, as Jaffe 
did, that the patients with leukemia responded to 
inflammation with morphologically mature cells 
(12). 

The appearance oi heavy concentrations of ma- 
ture polymorphonuclear leukocytes on the cover- 
slip preparations of the patients with chronic 
lymphocytic leukemia was in striking contrast to 
the differential leukocyte counts of the peripheral 
blood. In spite of the preponderance of circulating 


Fic. 5. FIvE HOUR COVERSLIP PREPARATION (RIGHT) AND PERIPHERAL BLOOD SMEAR (LEFT) IN A PATIENT WITH 
ACUTE MONOCYTIC LEUKEMIA CONTRASTING THE MATURITY OF THE LOCAL CELLULAR RESPONSE TO THE IMMATURITY OF 


THE PERIPHERAL BLOOD (X 2,000). 
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lymphocytes in these patients, the number of circu- 
lating mature granulocytes usually was within nor- 
mal limits. It is well known that purulent exudates 
in patients with chronic lymphocytic leukemia con- 
sist primarily of polymorphonuclear leukocytes. 

Others have shown that the degree of participa- 
tion of specific mature cells in local inflammatory 
sites is in general related to their numbers in the 
circulating blood (13). This relationship was 
demonstrated by the preponderance of neutrophilic 
and basophilic granulocytes throughout the 24 
hour period in the patients with chronic granulo- 
cytic leukemia and the early appearance of lympho- 
cytes in most of the patients with chronic lympho- 
cytic leukemia. 

Jaffe has stated that some myeloid tissue capable 
of maturation must be present in leukemic patients 
if the cellular response to inflammation is to occur 
(12). The failure of two of our patients with 
acute subleukemic leukemia to show any local 
exudative cellular response to injury during the 
period studied could be explained in this manner. 
Both had peripheral white cell counts below 1,000 
per cu ml consisting almost entirely of blast cells. 
In addition, repeated attempts at marrow aspira- 
tions were unsuccessful and trephine specimens 
demonstrated hypocellular, blastic marrows. 

We have found the method used in this study a 
reliable, safe and simple one which lends itself to 
clinical applications. It may be useful in evaluat- 
ing the exudative cellular aspects of the local in- 
flammatory response in other disease states. 


SUMMARY AND CONCLUSIONS 


In leukemia, the initial granulocyte response to 
inflammation is both delayed and diminished. 
This feature of the exudative cellular response 
probably plays a major role in the susceptibility 
of these patients to infection. In general, the local 
exudative cellular response in leukemia is com- 
prised of morphologically mature cells. The tech- 
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nique employed should prove valuable for eval- 
uating the local inflammatory response in other 
disease states. 
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The importance of cervical mucus in female in- 
fertility is generally recognized (1). Clinical char- 
acteristics of human cervical mucus have been the 
subject of many studies in recent years. However, 
very little is known about the chemical composition 
or the biological significance of this epithelial 
secretion. 

Cervical mucus normally contains from 92 to 94 
per cent water in the pre- and_ post-ovulatory 
phases, while in midcycle the water content rises to 
98 per cent (2). The primary constituent is be- 
lieved to be a mucopolysaccharide composed of 
galactose and hexosamine as well as some fucose 
and sialic acid (3, 4). Recent experiments with 
S*°-labeled sulfate have shown the presence of 
sulfate in the cervical mucus of rabbit and guinea 
pigs (5,6). Both human and rabbit cervical gland 
and secretions react metachromatically with tolu- 
idine blue (7-9), indicating the presence of an 
acid mucopolysaccharide. The absence of uronic 
acid and the lack of effect by testicular hyaluronid- 
ase on cervical mucus eliminates the probability 
that this mucopolysaccharide is either hyaluronic 
acid or one of the chondroitin sulfates. If the 
sulfate groups are bound to mucopolysaccharides, 
which has not been proven, it seems likely that they 
are from keratosulfate, a sulfated polysaccha- 
ride composed of galactose and glucosamine 
(9, 10). 

The presence of proteins in the cervical mucus 
is generally conceded (3, 4, 10). Pommerenke 
found that cervical mucus gave a positive biuret 
test and positive reactions for tryptophan, tyrosine 
and cysteine (2). Werner determined the total 
nitrogen content of the pooled cervical mucus to 
be 12.1 per cent (4). This, in part, represented 
protein(s) which could be digested by trypsin, and 
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which yielded 15 amino acids upon acid hydrolysis. 
Shettles, Dische and Osnos have suggested the 
total protein content to be about 1 per cent (3), 
while Werner reported between 0.5 and 3 per 
cent (10). 

Spencer, Sunseri and Sunseri (11), using paper 
electrophoresis, found two main bands in cervical 
mucus of normal and pregnant women, a non- 
migratory band and a diffuse one. The non- 
migratory band stained strongly with periodic 
acid-Schiff reagent (PAS), was strongly meta- 
chromatic, and positive to the Feulgen reaction. 
The diffuse band was PAS-positive, faintly meta- 
chromatic, and negative to the Feulgen reaction. 
No areas identifiable with the usual serum peaks 
were recognized as normal components of the 
cervical mucus. As a matter of fact; it was sug- 
gested that the appearance of albumin in cervical 
mucus would indicate the existence of some patho- 
logical state in the genital tract. Electrophoretic 
studies using a paper medium are open to serious 
question because of complications arising from the 
highly viscous character of the sample. 

The purpose of the present study is to show the 
presence of albumin and other electrophoretically 
identifiable protein areas in the normal cervical 
mucus using the technique of agar gel electro- 
phoresis. 

METHODS 

Collection of specimens. Samples of cervical mucus 
were obtained from selected patients attending the gynec- 
ological outpatient clinic at Detroit Receiving Hospital. 
Great care was taken to exclude all cases of menstrual 
disorders, vaginitis, gross cervicitis, and other pelvic 
abnormalities. Table I shows the clinical data for 21 
cases used in this study ranging in age from 16 to 36. 
Eighteen women had had between 1 and 10 pregnancies, 
2 women were unmarried, and 1 was newly married. The 
day of the cycle on which the specimen was taken was 
determined by questioning the patient and by correlating 
this date with the physical appearance of the cervical 
secretion, its pH, spinnbarkeit (12), and extent of arbor- 
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PROTEINS OF CERVICAL MUCUS 


ization (13). Cervical mucus was aspirated from the 
cervical canal, after gently cleaning the portio and ex- 
ternal os with a cotton ball. All samples were refrig- 
erated and examined within 24 hours. Specimens tinged 
with blood were discarded. 

Electrophoretic separation. An attempt was made to 
separate the proteins of cervical mucus by electrophoresis 
on paper. In agreement with Spencer and co-workers 
(11), only a nonmigrating and a diffuse band were ob- 
tained, as shown in Figure 1. These authors considered 
such patterns typical for normal cervical mucus. Pre- 
vious experience in our laboratory with synovial fluid 
often showed poor separations of proteins unless the 
samples were first treated with hyaluronidase to de- 
polymerize the hyaluronic acid (14). Therefore, it was 
considered possible that the mucopolysaccharide of cer- 
vical mucus in some way might have hindered the electro- 
phoretic separation of the proteins when a paper support- 
ing medium was used. In a preliminary test the gel- 
atinous character of a sample of cervical mucus was 
markedly reduced prior to paper electrophoresis by treat- 
ing the sample with a small amount of 0.1 N NaOH. 
However, this did not change the electrophoretic pattern. 

Electrophoresis in an agar medium was considered to 
be the most likely technique for separating proteins of 
the highly viscous samples of cervical mucus. The 
method of Zak, Volini, Briski and Williams was used in 


TABLE I 
Clinical data 


Hospital 
serial 
no. Age Cycle 


Gravida Para Remarks 


301529 
204180 
37890 
245688 
77701 


Unmarried 


280845 Salpingectomy 
for ectopic 
pregnancy 

Salpingectomy 
for ectopic 
pregnancy 


18743 


67438 
316767 
71233 


2283 
314959 
136310 
682998 
310619 


Unmarried 


304614 

315191 

118825 

101264 

317666 

145628 Mucus very poor 
in protein* 


* Protein content was too small to allow electrophoretic 
study. 


Fic. 1. AN ATTEMPTED ELECTROPHORETIC SEPARATION OF 
CERVICAL MUCUS PROTEINS ON WHATMAN NO. 3 MM 
PAPER (SPINCO APPARATUS). Strip 1, a sample of normal 
cervical mucus showing no migration of proteins; Strip 2, 
concurrently run sample of human serum showing usual 
electrophoretic migration of proteins. 


which only enough agar was added to the buffer medium 
to act as a thickening agent (15). Preliminary experi- 
ments showed that good separations of the proteins of 
cervical mucus could be obtained by this technique. 

The apparatus used for this study was identical with 
that described by Zak and associates (15). A watertight 
compartment for holding the agar-buffer medium was 
made by cementing glass rods (2 mm in diameter) to 
the four edges of a 3.5 X 4 inch lantern slide coverglass 
which had previously been covered by a sheet of vegetable 
parchment paper.2, About 15 ml of a hot agar-buffer 
solution, prepared by dissolving 250 mg of Bacto-Difco 
(certified pure) agar in 100 ml of boiling 0.05, veronal 
buffer, pH 8.6, was transferred to the glass basin. The 
plate was raised to the same level as the buffer in the 
electrode boxes by means of a micro lab-jack. Paper 
wicks 2 were used to connect the agar medium with the 
buffer boxes. The agar-buffer solution was then allowed 
to gel. The samples were applied by immersing small 
strips (0.5 X 8 mm) of Whatman no. 3 MM filter paper 
in the cervical mucus and by placing these on the agar 
gel about 1.25 inches from the cathodic end. A sample of 
human serum, prestained with bromphenol blue, was 
similarly placed on the agar as a guide for estimating the 
length of migration and also for comparing the position 
of the various fractions in the mucus specimen. After 
electrophoresis for 45 or 50 minutes at 250 v (40 to 60 


1 Label varnish, Cenco no. 11380. 

2No. 72 vegetable parchment powder paper available 
through the Upjohn Co. 

3 Schleicher and Schuell filter paper, grade no. 900 cut 
into 3.5 X 4 inch rectangles. 
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ma), the agar plate was dried under an infrared lamp. 
The parchment paper, now having on its surface the 
dried, separated sample, was detached from the glass plate 
and stained for 20 to 30 minutes in 0.1 per cent brom- 
phenol blue solution. Excess dye was removed by suc- 
cessive rinsing in a 5 per cent solution of acetic acid until 
the background became white. The stained paper was 
air dried and then exposed to ammonia fumes to intensify 
the color. 

For the quantitative determination of the protein com- 
ponents, the individual electrophoretic bands were cut 
from the pattern and the bromphenol blue was eluted with 
a 2 per cent solution of sodium carbonate in 50 per cent 
methanol. After 30 minutes of occasional shaking the 
solutions were decanted and their optical densities were 
measured at 590 my using a Coleman spectrophotometer. 

Immunological reactions. The Ouchterlony double dif- 
fusion technique as modified by Wilson and Goodman was 
used (16). This method is considered to be more sensi- 
tive than the one using the typical five basin Ouchterlony 
plate (17). The modified plates (3% inches in diameter ) 
were made of 4 inch Lucite and contained two “T” 
shaped wells as shown in Figure 2A. These wells were 
filled with a 0.75 per cent solution of agar in a 13 per 
cent NaCl solution. After the gel had formed, the agar 
was removed from the three 10 X 10 mm basins, nos. 1, 2 
and 3, thereby leaving the agar block no. 4 (Figure 2B). 
Wells 1 and 3 were reserved for the sample to be tested 
while no. 2 was used for the appropriate chicken anti- 


serum. The precipitin reaction occurred in the agar block 


A 


Fig. 2. 


A. MopiFieEp OUCHTERLONY PLATE OF WILSON AND GoopMAN (16, 17). 


K. MOGHISSI, 0. W. NEUHAUS AND C. S. STEVENSON 


as a crescent extending from well 1 to well 3 as shown 
in Figure 2B. 

In all experiments chicken antiserum (18) specific for 
human albumin and y-globulins was used to develop the 
albumin and y-globulins of the cervical mucus. 


RESULTS AND DISCUSSION 


The total protein of cervical mucus, determined 
on a pooled sample (10 cases in different phases of 
the menstrual cycle) with a biuret method (19), 
was found to be 1.1 per cent. This value con- 
firmed that of Shettles and associates (3). It 
would have been desirable to determine the total 
proteins in individual samples. However, this was 
not feasible because of difficulties experienced in 
the quantitative sampling of the small amounts of 
each specimen available and because of the lack of 
an adequate micromethod. 

Electrophoresis on agar-gel invariably resulted 
in a separation of proteins into four fractions (Fig- 
ure 3). These were: a) a compact band migrat- 


ing similarly to that of serum albumin; b) a dif- 
fuse band between the origin and the albumin zone ; 
c) a “nonmigrating” fraction which remained at 
the origin and on the strip of filter paper used to 
apply the sample; and d) a band moving toward 


B. DIAGRAM SHOWING PRECIPITIN 


REACTION IN AGAR BLOCK NO. 4. Wells 1 and 3 were used for samples while 2 was reserved for antiserum. Dimen- 


sions in the diagram are given in millimeters. 
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PROTEINS OF CERVICAL MUCUS 


Fic. 3. THE ELECTROPHORETIC SEPARATION OF PROTEINS 
OF CERVICAL MUCUS IN AN AGAR GEL MEDIUM. 1 and 3 
= cervical mucus; 2 = normal human serum. 


In some 


the cathode and resembling y-globulin. 
cases a fairly well defined band was observed 
similar to that of B-globulin. 

Several samples were separated electrophoret- 
ically on a Mylar film in place of the usual parch- 
ment paper. After drying, these runs were stained 


by a PAS technique (20). All fractions except 
the albumin reacted positively. The nonmigrating 
portion exhibited the most intense reaction for 
carbohydrate suggesting that the mucopolysaccha- 
ride component did not migrate under the condi- 
tions of these experiments. 

To determine the quantitative distribution of the 
protein, the electropherograms were divided into 
three areas: fraction a (albumin), combined frac- 
tions b and d (globulins), and fraction c (non- 
migrating). The relative distribution of these 
components is shown in Table II. The 20 cases 
in this series were subdivided into the usual three 
periods : postmenstrual, the period dating from the 
completion of menstruation through the tenth day 
of the cycle; midcycle, from the eleventh through 
the eighteenth day of the cycle; and premenstrual, 
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from the nineteenth day of the cycle to the onset 
of menses. The average percentage of each frac- 
tion was calculated for each period as weil as for 
the complete cycle. The amount of albumin was 
about 21 per cent of the total proteins, while the 
total globulin fraction was 36 per cent, and the 
nonmigrating portion averaged 43 per cent. The 
data are suggestive of a cyclical change in the 
proportion of the proteins, with albumin and glob- 
ulins tending to be somewhat reduced during 
midcycle. However, these variations are not sta- 
tistically significant. 

The identification of the protein components of 
cervical mucus cannot be based only on electro- 
phoretic mobility. The presence of albumin and 
y-globulin fractions was confirmed by an immuno- 
logical reaction using the modified Ouchterlony 
plate of Wilson and Goodman (16, 17). The 
albumin and y-globulin fractions of cervical mucus 


TABLE II 


Relative percentage of electrophoretically separated 
proteins from the cervical mucus 


Percentage of fractions 


Day of 


Case cycle* Albumin Globulin Nonmigrating 


Postmenstrual 


35.6 
46.6 
35.6 
51.0 
54.7 
44.6 


Midcycle 


20.5 
30.5 
20.3 
27.6 
46.7 
36.2 
30.3 


Average 


Premenstrual 


36.8 
30.7 
29.4 
23.7 
50.0 
23,4 
38.9 
35.7 
34.0 


Own 
AIMS 


Average 


Total average 


for thecycle 20.7410.7 35.6410.2 43.5 + 16.5 


* Day of cycle on which the sample was collected. 


Alb. a, a, 
1 4 14.6. 49.8 
2 6 28.0 25.4 
3 7 28.2 36.2 ae 
4 8 16.1 32.9 
5 9 18.5 26.8 7 
21.1 34.2 
6 12 5.0 74.5 Se 
7 13 12.1 57.5 Ee. 
8 13 5.2 74.4 
9 14 44.1 28.3 
10 15 12.6 40.7 a 
il 15 22.5 41.2 
Average 16.9 52.8 ; ee 
12 19 25.3 3 
13 20 25.5 4 Nie 
14 21 10.3 6 o 
15 21 20.9 4 a 
16 23 12.2 6 
17 24 32.5 1 
19 28 32.7 2 = 
20 30 37.9 2 - 
23.6 4 
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A 


Fic. 4. 
CERVICAL MUCUS. 
TIME OF 2 DAYS. 


B 


IMMUNOLOGICAL REACTIONS USING WILSON MODIFIED OUCHTERLONY PLATES FOR PROTEINS OF HUMAN 
A. REACTIONS OF IDENTITY USING ELECTROPHORETICALLY SEPARATED ALBUMIN AFTER A DIFFUSION 
1 = Albumin from cervical mucus; 2=immune anti-albumin antiserum; 3= pooled human serum. 


B. PRECIPITIN REACTION USING ELECTROPHORETICALLY SEPARATED ‘y-GLOBULIN AFTER A DIFFUSION TIME OF 3 DAys. 1 
=7-Globulin from cervical mucus; 2= immune anti-y-globulin antiserum; 3 = pooled human serum. 


were first separated electrophoretically. Then the 
agar plate was frozen and the albumin and y- 
globulin zones were cut out of the electrophero- 
gram using a concurrently run prestained sample 
of human serum to locate these regions. Corre- 
sponding bands from several separations were 
pooled. The y-globulin mixture prepared in this 
manner was concentrated by dialysis against a 20 
per cent solution of polyvinylpyrrolidone before 
use. Electrophoretically separated albumin and 
y-globulins from cervical mucus and pooled human 
serum were tested, respectively, against immune 
chicken antihuman sera, specific for albumin and 
y-globulins (18). In all cases a precipitin re- 
action developed within 72 hours (Figure 4). 
The identification of other electrophoretically 
separated fractions of cervical mucus, namely, 
those associated with the alpha and beta regions, 
was not feasible with this technique. It appears, 
contrary to the opinion of some investigators, that 
cervical mucus normally contains both albumin 
and y-globulin, which are immunologically iden- 
tical with those of human serum. The nonmigrat- 
ing and strongly PAS-positive protein fraction of 
the mucus may be associated with the mucopoly- 
saccharides which are known to be present in 


cervical secretion. The absence of electrophoretic 


mobility may have been the result of adsorption 
to the filter paper. 


SUMMARY 


1. Electrophoresis in agar-buffer medium has 
been found to be a suitable technique for the study 
of the proteins of cervical mucus. 

2. Albumin and y-globulin were shown to be 
normally present in the cervical secretion of 20 
women during various phases of the menstrual 
cycle. These proteins were identified by immuno- 
logical techniques. 

3. The total protein content of the pooled mucus 
was found to be about 1 per cent. 

4. On the average, there were about 21 per cent 
albumin, 36 per cent globulins, and 43 per cent of 
a nonmigrating component in the cervical mucus. 
The latter fraction was probably associated with 
the mucopolysaccharides. 

5. All of the electrophoretically separated pro- 
teins except albumin gave a positive periodic acid- 
Schiff reaction. 
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Recent studies of the nephrotic kidney have 
implicated the glomerulus as the primary anatomic 
site of injury. Using the electron microscope, 
Farquhar, Vernier and Good (1) and other in- 
vestigators have demonstrated that the most con- 
sistent and striking alteration is a lesion in the foot 
process of the glomerular epithelial cell. Hjelt, 
Stjernvall and Hallman (2), in a study of con- 
genital nephrosis, found imperfectly formed or 
absent foot processes. Vernier, Papenmaster and 
Good (3), and Harkin and Recant (4) have de- 
scribed similar lesions of the foot process in experi- 
mental nephrosis induced by the aminonucleoside 
of Puromycin, and Piel (5) has made similar ob- 
servations in nephrosis produced by antikidney 
serum. In the experimentally induced lesion, 
glomerular injury is found prior to tubular 
changes (4). 

With the recognition that relatively specific 
anatomic changes occur in the glomerulus in 
nephrosis, it seemed pertinent to determine if 
alterations occur in glomerular enzyme activities. 
The application of quantitative histochemical tech- 
niques seemed to be the most promising approach 
for such a study. 

Previous histochemical studies of kidney utiliz- 
ing staining techniques have been “qualitative” in 
nature in that they demonstrated the presence or 
absence of enzyme, but could not quantify these 
enzymes. In addition, such studies have given 
most attention to the renal tubule rather than to 
the glomerulus. 

Quantitative histochemistry utilizing microchem- 
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ical methods was first devised by Linderstrgm- 
Lang (6), and later modified and extended by 
Lowry and associates (7-10). These methods 
were applied to kidney investigation in 1956 by 
McCann (11), who made preliminary measure- 
ments of alkaline phosphatase, aldolase and fu- 
marase activities in the glomerulus of the normal 
dog. Bonting, Pollak, Muehrcke and Kark meas- 
ured the activities of alkaline phosphatase (12) 
and lactic dehydrogenase (13) in single glomeruli 
and in other parts of the nephron of various 
species. 

This paper is concerned with a description of 
some of the enzymatic activities of the isolated 
glomerulus in normal rats and with the alterations 
which occur with the induction of aminonucleoside 
nephrosis. Utilizing quantitative histochemical 
methods, alkaline phosphatase (Alk. P’tase), hexo- 
kinase (HK), glucose-6-phosphate dehydrogenase 
(G-6-PDH), lactic dehydrogenase (LDH), malic 
dehydrogenase (MDH), and isocitric dehydro- 
genase (ICDH) activities were measured. These 
observations represent the initial step in an effort 
to characterize the biochemical lesion in the experi- 
mental nephrotic syndrome. 


METHODS 


Twelve male Sprague-Dawley rats with a starting 
weight of 74+ 8 g were used and divided into an experi- 
mental and control group. Animals were housed in in- 
dividual cages and pair-fed with Ralston-Purina rodent 
chow. Water was allowed ad libitum. Nephrosis was 
produced in one group by administration of daily sub- 
cutaneous injections (0.3 ml per 100 g weight) of a 0.5 
per cent solution of aminonucleoside (6-dimethyl-amino- 
purine-3’-amino-p-ribose) (14, 15). Urine protein excre- 
tion was measured daily by the Esbach method (16). 
At various stages of the nephrotic syndrome, pairs of rats 
having an average weight of 105 g (one from each group) 
were sacrificed by decapitation following an overnight 
fast. Blood was collected in heparinized tubes for the 
determination of cholesterol (17). The kidneys were 
then rapidly dissected and handled as follows. 


1364 


| 
4 
he 
" 


GLOMERULAR ENZYMES IN NEPHROSIS 


1. Preparation of tissue. The methods and equipment 
used have been described in detail by Lowry (7, 8). 
Blocks of tissue (125 mm?) from the upper and lower 
poles of the right kidney were rapidly excised with a 
chilled razor blade and plunged into liquid nitrogen. 
The upper half of the left kidney was used for dry weight 
determinations. The remaining kidney tissue was cut 
into small pieces, blotted, placed in liquid nitrogen and 
then crushed in a chilled mortar. The resulting tissue 
powder was lyophilized. The two pieces of the right 
kidney were mounted without thawing on 4 per cent 
tragacanth USP in 0.9 per cent NaCl solution and 
sectioned with a microtome in a cryostat at —25° to 
130° C. Multiple sections of 28 to 30m thickness were 
cut from each block of tissue and were then removed to 
a glass container for lyophilization. Additional sections 
of 10 and 304 were obtained for staining and histological 
inspection. 

The tissue powder and sections were simultaneously 
lyophilized at — 45° C and 0.001 mm mercury for 12 to 18 
hours. The tubes were then brought to room tempera- 
ture over a period of 2 hours. Sections and tissue powder 
from each pair of animals were redistributed into 6 lyo- 
philization tubes. evacuated and stored at — 20°C until 
used. This made possible simultaneous analysis of con- 
trol and experimental samples for each of the 6 enzymes 
studied without necessitating refreezing of material. In 
addition, an attempt was made to randomize sections from 
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various portions of the tissue block so that enzyme anal- 
yses were not performed upon serial sections. 

Problems concerning absorption of air and moisture by 
the sections, weighing of the samples and stability of 
enzymes during storage have been previously described 
by Lowry (8). In order to control the experiment 
further, the enzymatic activities were always studied in a 
fixed time sequence, namely, Alk. P’tase, one day after 
preparation of the tissue powder and section; LDH, two 
days after preparation, and so forth. 

2. Tissue dissection. The lyophilization tubes were 
allowed to warm to room temperature before opening. 
With the aid of a hot towel this process required one- 
half hour. Air was then admitted to the containers, and 
the dried unstained sections were placed on the stage of 
a Spencer dissecting microscope and studied at a magni- 
fication of 40 to 90 X. Individual glomeruli and vessels 
were easily visualized and were dissected manually (free- 
hand) using a sharp no. 26 gauge stainless steel needle 
inserted into the shaft of a tuberculin syringe. Care was 
taken not to cut but rather to tease out the structure 
from the surrounding area before dissection. All dissec- 
tions of questionable cleanliness (i.e., contaminated with 
parts of surrounding structures) were discarded. Glo- 
meruli were chosen from at least two sections and from 
different parts of these sections, in order to obtain a 
better randomization of the material. In addition, ar- 
terioles from cortex and medulla (diameter smaller than 


TABLE I 


Salient details of enzyme determinations 


Enzyme* Buffert Substrate 


Incu- Incu- 
bation bation 
volume time 


Dry weight 
of dissected 
tissue 


End-products of 


Cofactors reaction 


Alk. P’tase (9) 8 mM Disodium-p- 
nitrophenyl 
phosphate 


5 mM Glucose-6- 
phosphate 


0.5 M AMP,t 
pH 10.0 


G-6-PDH (18) 


0.1 M AMP.§ 
pH 9.3] 


HK (18) 0.05 M Tris 8 mM Anhydrous 


pH 8.1 glucose 


0.1 M Tris 
pH 7.4 


0.1 M AMP,t 
pH 10.5 


LDH (10) 1.5mM Na pyruvate 


MDH (19) 120 mM Malate 


ICDH (20) 0.1 M Tris 5 mM Isocitrate 
1 


pH 8. 


2mM Mg 


0.3 mM TPN 


0.3 mM TPN 

3.0 mM ATP 

2.4 mM G-6-PDH 
(crude) J 


1 mM DPNH 


4.5 mM DPN 


1 mM TPN 


pl min 


0.02-0.20 10.0 60 p-Nitrophenol 


TPNH 
Gluconate-6- 
phosphate 


TPNH 
Gluconate-6- 
phosphate 


0.03-0.11 


DPN 
lactate 


DPNH 
oxalacetate 


TPNH 
a-Ketoglutarate 


0.03-0.18 


0.02-0.12 


0.04—0.24 


* Numbers in parentheses are reference numbers. 


7 All buffer substrates contained 0.05 per cent bovine plasma albumin to increase stability of enzyme during 


incubation. 


t AMP, = 2 amino-2 methyl-1 propanol (Eastman Kodak). 

§ AMP» = 2 amino-2 methyl-3 propanediol (Eastman Kodak). 

|| At pH 9.3, 5 to 10 per cent of the activity measured is due to 6-phosphogluconic dehydrogenase in the tissue. 
{{ Prepared in Dr. Lowry’s laboratory from pig adrenal containing 0.2 per cent HK. 


| 
| 
8.8 60 
0.80-3.5 22.0 60 
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1004) were dissected. The weight for all specimens 
ranged between 0.015 and 3.5 wg. Glomerular samples 
were 0.015 to 0.110 ug. 

3. Analytical methods. The dissected glomeruli and 
arterioles were weighed individually on two “fish-pole” 
quartz fiber balances (useful range from 0.010 to 0.120 
ug and 0.5 to 5.0 wg), as described by Lowry (7), and 
were then placed into small test tubes with an inner 
diameter of 2 or 4mm. This was performed with the aid 
of a wheeling device on a mechanical stage under the 
microscope (8). Low activity for certain enzymes re- 
quired pooling of several samples in one tube. 

Ten to 20 mg of the dry tissue powder material was 
gently homogenized by hand with a glass homogenizer 
in a 1:10 dilution in a chilled buffer (Table I). The 
homogenate was allowed to sit for 45 minutes or more 
before further dilution and final chemical analysis. 
Enzymatic analyses of tissue powder were performed 
simultaneously with analyses of the sections which were 
processed immediately. Homogenate activity was deter- 
mined in triplicate and in two different dilutions varying 
with the enzyme tested. Glomerular enzyme analyses 
varied from 5 to 53 determinations for each enzyme 
studied. 

Enzyme determinations. The methods employed were 
devised by Lowry and associates and are summarized, as 
adapted to the study of the kidney, in Table I. Coenzyme 
changes, measured in a model A Farrand fluorimeter, 
formed the basis of most activity measurements (TPNH, 
DPN, DPNH) (10). Alk. P’tase activity was measured 
as p-nitrophenol formation in a Beckman DU spectro- 
photometer. Enzyme activity was expressed as moles of 
substrate transformed per kilogram of dry weight of 
tissue per hour. In addition to the dry weight as a 
standard of reference for enzyme activities, protein (21) 
and deoxyribonucleic phosphate (DNA-P) (22) deter- 
minations were carried out on glomeruli and homogenates. 
This was deemed essential in view of the possible altera- 
tions in tissue protein content in nephrosis. 

Initially, tissue blanks were run for both homogenates 
and sections. These were later omitted since they were 
found not to be different from the substrate-reagent 
blanks. In order to rule out fluorescent interference from 
aminonucleoside, a 0.005 per cent solution in redistilled 
water was tested. No reading, compared with a dilute 
quinine sulfate solution of 0.05 ug per ml, was noted. 
There was also no fluorescence noted when the drug was 
added to homogenates. 


RESULTS 


Animals treated with aminonucleoside developed 
proteinuria of varying degree (75 to 216 mg per 
24 hours). Plasma cholesterol levels in the neph- 
rotic animals ranged from 348 to 529 mg per 100 
ml, while the control levels were 76 to 100 mg per 
100 ml. Ascites, when present in the nephrotic 
group, paralleled the severity of the proteinuria. 
Gross and microscopic examinations of the kidneys 
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TABLE II 


Rat kidney enzyme activity 


Isolated glomeruli 


Enzyme* Normal Nephrotic pt 
Alk. P’tase 3.07 + 0.33t 2.24 + 0.30 <0.01 
HK 0.534 + 0.028 0.690 + 0.078 NS 
G-6-PDH 1.190 + 0.98 1.600 + 0.084 <0.005 
LDH 26.6 + 3.0 32.2 +2.4 <0.05 
MDH 32.0 +1.7 40.3 +2.5 <0.01 
ICDH 4.92 + 0.49 5.59 + 0.61 NS 

Homogenates 
Alk. P’tase 25.03 + 4.37 13.35 + 2.28 <0.05 

Kk 0.976 + 0.067 1.202 + 0.095 <0.01 
G-6-PDH 1.210 + 0.064 1.760 + 0.228 <0.05 
LDH 68.9 +5.5 69.0 +5.2 NS 
MDH 89.1 42.5 80.9 +4.7 NS 

33.00 + 1.4 26.50 + 3.5 NS 


ICDH 


* Activity expressed as moles per kg dry weight per hour. 
+ Probability based on the means of both groups (23). 
t Mean + SEM (6 animals). 


in this syndrome have been previously reported 


(14, 15). 


A. Analyses of isolated glomeruli and whole 
kidney homogenates 


Enzymatic analyses were made on single glo- 
meruli whenever possible or on pools of 2 to 7 
glomeruli. From 2 to 15 determinations were 
carried out to arrive at a mean value per enzyme 
per animal. Similar analyses were made on homo- 
genates. Table II summarizes the mean and 
standard error of the mean (SEM ) for all enzymes 
tested in the control and in the nephrotic animals. 
The statistical method employed was that of the 
analysis of variance for paired data (23). 

Protein determinations per unit of dry weight 
were performed on 20 to 30 glomeruli. Glomeruli 
from each animal in the two groups were pooled 
for each determination. No significant difference 
was noted between the normal (663 + 19 g protein 
per kg dry weight) and the nephrotic group (661 
+ 10 g protein per kg dry weight). Protein deter- 
minations on whole kidney homogenates also re- 
vealed no significant differences. The mean values 
were 613 + 28 g per kg dry weight in the normals 
and 632 + 42 g per kg in the nephrotics. Spot 
assays of DNA-P? content of pooled glomeruli 
revealed values of 82.0 mmoles per kg dry weight 
in one nephrotic and 90.7 mmoles per kg in the 
pair-fed control animal. The lack of significant 


1 We are grateful to Dr. G. Morrison who carried out 
the determinations of DNA-P. 
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6 Controls 


# Analyses 
Nephrotic 32 
Rots 


# Anolyses 
Control Rats 29 


6 Controls 


B 


Fic. 1. A. PER CENT CHANGE IN GLOMERULAR ENZYME 
ACTIVITY IN NEPHROTIC RATS COMPARED WITH CONTROLS. 
B. PER CENT CHANGE IN KIDNEY HOMOGENATE ACTIVITY 
IN NEPHROTIC RATS COMPARED WITH CONTROLS. Homo- 
genate refers to lyophilized tissue powder of the whole 
kidney. Each bar represents two dilutions of homogenate 
in triplicate for six nephrotic rats. 


differences between the protein or DNA-P content 
per unit of dry weight of glomeruli or homogenate 
in normal and nephrotic animals permits compar- 
ison of enzymatic activity on a dry weight basis. 

Comparison of normal and nephrotic kidney 
enzymes may be seen in Figures 1A and 1B, which 
summarize the over-all enzymatic changes in glo- 
meruli and homogenates as a result of the induc- 
tion of the nephrotic state. The most striking 
change in both glomeruli and homogenates may 
be seen in the activities of Alk. P’tase and G-6- 
PDH. The former showed a significant decrease 
in activity, the latter a marked increase. LDH, 
MDH and HK tended to be increased in glo- 
meruli, while in homogenates only the HK in- 
creased. The other enzymes showed no sig- 
nificant change. 
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An attempt was made to assess the effect of 
proteinuria upon the development of the enzymatic 
changes. Nephrotic animals were divided into 
three groups, two animals in each, on the basis of 
the magnitude of proteinuria. Figures 2A and 
2B plot, respectively, the percentage change in 
glomerular and homogenate enzymes as related to 
the level of proteinuria and compared with the 


Mean of 
6 Controls 


Alk. P'tase 


1 1 
87.5 138.5 203 mg /DAY PROTEINURIA 


Meon of 
6 Controls 


ICDH 


Alk. P’tase 


203 mg./DAY PROTEINURIA 


875 138.5 


B 


Fic. 2. A. GLOMERULAR ENZYME ACTIVITY CHANGES 
WITH PROGRESSIVE PROTEINURIA. B. KipNEY HOMOGENATE 
ENZYME ACTIVITY CHANGES WITH PROGRESSIVE PROTEINU- 
RIA. Each point represents multiple determinations on 
two animals in both A and B. 


30 \ 
% 
20 \ 
5 46 29 48° 51 
Change 
A 40 G-6-P DH i 
30 
DH 
40 
20) 20 
+ 10 FS 30 i 
— 10 \ 50 
20 60 
30 70 oe 
ile 
50 A 
% 
Change 
90 
G-6-P DH 
70 
60 
50 
40 HK 
30 
+ 10 LOH 
——0 
MOH 
30 
40 
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60 
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TABLE III 
Mean enzyme activities of isolated rat kidney arterioles 


Enzyme* Controlt Nephrotic 


Alk. P’tase 
G-6-PDH 
LDH 
MDH 
ICDH 


19.62 [4] 
0.845 [3] 
33.3 [4 
30.4 [5 
5.66 [5] 


14.03 [5] 
1.099 [5] 
30.6 [6 
32.7 [4 
4.11 [4] 


* Activity expressed as moles per kg dry weight per hour. 
+t Number of determination is given in brackets. 


entire group of six normal animals. It is apparent 
that the pattern of glomerular change differed from 
that in homogenate. Glomeruli showed an early 
increase in many activities with a subsequent de- 
crease, whereas the homogenate changes appeared 
to be consistent in one direction. 


B. Miscellaneous enzymatic analyses 


The main constituent of the glomerulus is the 
capillary. Although the anatomic composition of 
arterioles is more complex than that of capillaries, 
both kave a comparable embryonic origin. The 
possibility that similar biochemical changes might 
occur in both of these structures made desirable a 
comparison of enzymatic activity in the normal and 
nephrotic kidney arterioles. The mean enzyme ac- 
tivity of a number of single kidney arterioles from 
both groups of animals is charted in Table III. 

The influence of red blood cells in glomeruli on 
enzyme activity was studied in normal kidney. 
Bloodless glomeruli in the unstained sections had 
an average ICDH activity of 7.3 moles per kg per 
hour, compared with 5.4 moles per kg per hour in 
blood-filled glomeruli. This difference in activity, 
however, could have had little influence on the 
final results reported here, since all glomeruli were 
selected at random for dissection and no micro- 
scopic evidence of differences in blood content of 
nephrotic glomeruli when compared with normals 
could be demonstrated. 


DISCUSSION 


Despite intensive investigation, there are few 
established facts concerning the intrinsic metab- 
olism of the kidney glomerulus. One of the ob- 
stacles in the path of classical biochemical study 
of the glomerulus has been the small amount of 
tissue which is available for study. This void of 
direct biochemical information has been partially 
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filled by the results of histochemical staining pro- 
cedures. 

In the rat glomerulus, Wachstein and Meisel 
(24) have demonstrated the presence of glucose- 
6-phosphatase, esterase (alpha-napthyl-acetate ), 
TPN diaphorase and DPN diaphorase enzyme 
activities. They were unable to find acid or Alk. 
P’tase, glycerophosphatase, 5-nucleotidase, glucur- 
onidase or succinic dehydrogenase. One of the 
problems encountered in the interpretation of stain- 
ing techniques results from the “all or none” effect, 
in that low activities may be missed. This is most 
clearly evident in the studies of glomerular Alk. 
P’tase activity. Whereas Wachstein and Weisel 
obtained negative results, McCann (11), Bonting 
and co-workers (12), and the present authors have 
been able to demonstrate Alk. P’tase activity in 
glomeruli by quantitative biochemical techniques. 
Although staining procedures permit localization 
of enzymes, it appears that the direct quantitative 
methods used here allow histological localiza- 
tion as well as detection of small changes in 
activity. 

The choice of the six enzymes studied was deter- 
mined by the effort to sample anaerobic glycolytic 
enzymes (HK and LDH), the hexose-monophos- 
phate shunt with G-6-PDH, as well as enzymes of 
the oxidative pathways (MDH and ICDH). The 
addition of Alk. P’tase, particularly in the analysis 
of whole kidney homogenate, seemed desirable for 
purposes of comparison, in view of its common 
usage in many staining studies of renal tubules. 
Its over-all metabolic importance, however, is 
poorly understood at the present time. 

We are aware of the fact that the results ob- 
tained for the six control animals do not necessarily 
represent normal enzymatic activities. The pair 
feeding of the control animals with the nephrotic 
group resulted in a small limitation in food intake 
in the controls, and the effect of this factor has not 
been separately studied. With this reservation in 
mind, the results of our studies may be discussed : 

Normal rat glomeruli, On examination of the 
enzymatic activities in the normal rat glomerulus 
(Table I1), one is impressed by the high levels 
of activity for the exidative enzymes (MDH and 
ICDH) and for LDH, which are in contrast with 
the levels of HK and G-6-PDH. Alk. P’tase is 
only moderately active when compared with the 
above noted enzymes. The levels of Alk. P’tase 
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and LDH are of the same order of magnitude as 
those reported by Bonting and associates. It is, 
unfortunately, impossible to compare our data with 
results of studies of glomerular enzymes obtained 
by staining techniques. 

Normal rat kidney homogenate. A distribution 
of enzymes similar to that in glomeruli is also 
found in the normal rat kidney homogenate. How- 
ever, the levels of activity in homogenates are 
significantly higher than those in glomeruli, with 
the exception of G-6-PDH which is the same in 
both glomeruli and homogenates. The ratios of 
activity in homogenate relative to glomeruli are 8.1 
for Alk. P’tase, 1.8 for HK, 2.6 for LDH, 2.8 for 
MDH, and 6.7 for ICDH. The low ICDH ac- 
tivity in glomeruli suggests a relatively unimpor- 
tant role of the Krebs cycle in the glomerulus, with 
the reservations inherent in all artificial assay sys- 
tems. The highest ratio is observed for Alk. 
P’tase. It is known that the renal tubules, which 
are the major components of the homogenate, have 
higher activities for these enzymes (11, 13). 

Since quantitative data on the enzymes of liver 
(25) and brain (26) are available, it seemed of 
interest to compare these activities with those in 
kidney (Table IV). The most striking difference 
may be seen in the Alk. P’tase activity. Kidney 
homogenates surpass by far the activity found in 
the two other organs. G-6-PDH shows essentially 
the same level of activity in all three. The oxida- 
tive enzymes (MDH and ICDH) and LDH in 
kidney and liver are similar. HK is more active in 
brain than in kidney and in liver. The interpreta- 
tion of these data is somewhat limited by the fact 


‘ney homogenates (Figures 1A and 1B). 
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that observations were not made upon organs ob- 
tained from the same animal species in all cases, 
although it is clear that differences of the order 
noted for Alk. P’tase are nevertheless significant. 

Effect of nephrosis on kidney enzymes. With 
the induction of nephrosis, definite changes in 
enzymatic activity are noted in glomeruli and kid- 
Alk. 
P’tase activity is strikingly reduced in glomeruli 
and homogenates, while G-6-PDH activity is in- 
creased in both. Although HK activity is also in- 
creased in both glomeruli and homogenates, the p 
value proved not to be significant for glomeruli, 
but it must be noted that only a small number of 
determinations was made. Significant enzyme ac- 
tivity increases for LDH and MDH were obtained 
in glomeruli only, whereas for the two enzymes 
in homogenates, no change was found. ICDH 
showed no significant change in either. 

Fisher and Gruhn, using staining techniques, 
studied activity changes in nephrotoxic (28) and 
aminonucleoside (29) nephrotic rats. In both 
types of nephrosis they found no alterations in 
lipase, esterase, glucose-6-phosphatase, acid and 
Alk. P’tase, and 5-nucleotidase activities of renal 
cortex and medulla. However, succinic dehydro- 
genase and cytochrome oxidase showed decreased 
activities. Wachstein and Lange (30), in their 
histochemical study of nephrotoxic nephritis in the 
rabbit, in contrast to the findings of Fisher and 
Gruhn, observed a decrease in Alk. P’tase activity 
of kidney tubules. This was the earliest enzymatic 
alteration noted. In addition, glycerophosphatase 
and 5-nucleotidase were noted to be less active, as 


TABLE IV 


Enzyme activity of brain, liver and kidney 


Enzyme 


Alk. P’tase HK 


G-6-PDH ICDH 


Rabbit brain*: 
Homogenate 


Rat livert: 
Portal area 
Central area 


Rat kidneyt: 
Homogenate 


25.03 0.976 


* Moles per kg lipid-free dry weight per hour. 
per kg dry weight per hour (26). 

t Moles per kg dry weight per hour. 

t Whole rat liver homogenate (27). 


One-half the values recorded correspond approximately to moles 


Organ 
P| 0.60 10.0 1.80 70 80 11.2 a 
0.30t 
0.38 1.02 137.7 73.1 10.3 ‘ 
0.19 0.77 76.3 67.7 12.3 ae. 
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were other enzymes including those studied by 
Fisher and Gruhn. 

In general, depression of histochemical enzy- 
matic activity paralleled the severity of renal dis- 
ease. No comments were made about glomerular 
enzyme activities. Our findings indicate a definite 
change in glomeruli as well as in homogenates. 

If the enzymatic changes noted are related to 
proteinuria, then one might anticipate an intensifi- 
cation of the changes with time and increased pro- 
teinuria. In an effort to answer this question, the 
data were plotted as noted in Figures 2A and 2B. 
The interpretation of the small number of data and 
the arbitrary grouping must be approached with 
caution. However, it would appear that an intensi- 
fication of the changes with increased proteinuria 
does occur in both glomeruli and homogenates for 
the Alk. P’tase and G-6-PDH enzymes. Further, 
it is apparent that certain differences in the en- 
zymatic activity patterns in glomeruli and homo- 
genates exist. Whereas some of the enzymatic 
changes in glomeruli are characterized by early 
rises with later declines in activity, this is not true 
for homogenates. 

Neither an absolute biochemical nor a morpho- 
logic interpretation of this behavior is possible. 
It is obvious that the enzymatic activity of the 
minute total glomerular mass is drowned in the 
preponderance of renal tubules representing the 
homogenate. The early changes observed in glo- 
meruli which differ from homogenates might point 
to specific enzyme alteration, possibly related to the 
podocyte lesions observed by electron microscopy. 
The later changes in both glomeruli and homo- 
genates may well be secondary ones, associated 
with continued proteinuria, or with a generalized 
type of tissue response to injury. This type of 
general response is made more likely in that the 
enzymatic changes in renal arterioles (Table IIT) 
are in the same direction as those of glomeruli and 
also homogenates. 

These considerations raise the following ques- 
tions which are at present under investigation in 
our laboratory: 7) Can one obtain more definitive 
evidence of the specificity of glomerular changes 
by studies conducted prior to development of pro- 
teinuria? 2) Do similar enzymatic changes occur 
in the glomeruli and tubules with other types of 
nephrosis or other renal lesions leading to pro- 
teinuria? 3) Do other organs, despite normal 
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histological appearance, share in these enzymatic 
changes? 

These questions arise by virtue of the fact that 
although the concentrations and distribution of 
enzymes appear to be characteristic of various 
structures and organs, nevertheless, it is possible 
that a variety of injuries may result in the same 
pattern of enzymatic response. Finally, it is pos- 
sible that the enzymatic alterations described are 
secondary or adaptive in nature and represent a 
response to the “antimetabolic” action of the 
aminonucleoside. 

It has been shown that the glomerulus is an 
active metabolic unit with considerable enzymatic 
activity. It is tempting to speculate that the rela- 
tively high concentration of G-6-PDH in the glo- 
merulus compared with the glomerular/tubular 
ratios of the other enzymes relates in some way 
to its basic functions. 


SUMMARY 


1. Quantitative histochemical methods have been 
adapted for the study of six enzymes (alkaline 
phosphatase, hexokinase, glucose-6-phosphate de- 
hydrogenase, lactic dehydrogenase, malic dehydro- 


genase and isocitric dehydrogenase) in isolated rat 
glomerulus, whole kidney homogenate and renal 
arterioles in normal and nephrotic rats. Enzymatic 
activity was expressed per unit of dry weight. 
Protein levels per unit of dry weight did not differ 
in the two groups. 

2. The normal rat glomerulus is a potentially 
active metabolic unit. With the exception of glu- 
cose-6-phosphate dehydrogenase, all enzyme ac- 
tivity levels are lower than those in kidney homo- 
genates. Renal arteriolar enzyme activity is similar 
to glomerular activity with the exception of al- 
kaline phosphatase, which is of the same magnitude 
as it is in homogenates. 

3. The production of acute nephrosis with the 
aminonucleoside of Puromycin results in a signif- 
icant increase in glucose-6-phosphate dehydrogen- 
ase, lactic dehydrogenase and malic dehydrogenase, 
and a marked decrease in alkaline phosphatase of 
glomeruli. The kidney homogenate activity of the 
nephrotic animals is significantly increased for 
hexokinase and glucose-6-phosphate dehydrogen- 
ase; a decrease is observed in alkaline phosphatase. 
These changes seem to be closely related to the 
severity of the disease as judged by proteinuria. 
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The classical experiments of Richards and his 
collaborators (1), which were started in 1920, laid 
the foundations for our understanding of renal 
function in terms of nephron anatomy. By direct 
puncture of renal tubules they demonstrated ac- 
curately the sites at which a variety of substances 
is absorbed or secreted by the nephron. This 
technique, which is continuing to provide useful 
knowledge in the hands of investigators such as 
Gottschalk and Mylle (2), and Wirz (3), cannot 
provide exact data on the enzymatic and other 
cellular mechanisms involved in the processes 
of tubular reabsorption and secretion. Detailed 


knowledge of the activities of specific enzymes in 


the individual anatomical and functional units of 
the nephron is necessary in order to understand 
these mechanisms, i.e., a knowledge of the “enzyme 
topography of the nephron.” 

Although conventional biochemical techniques 
using kidney slices or homogenates provide data 
on the enzyme activity of the kidney as a whole, 
they do not yield information of specific physiolog- 
ical importance because the individual functional 
units of the nephron cannot be studied by these 
techniques. Histochemical staining techniques are 
useful for purposes of orientation but do not yield 
quantitative results. In addition, when staining 
techniques are used to study enzyme distribution, 
the possibility always exists that artifacts might be 
caused by diffusion and absorption. 

For these reasons the quantitative ultra-micro- 
chemical techniques of dissection, weighing, and 
assay of microscopically small fragments of tissue 


* Supported in part by grants from the Surgeon Gen- 
eral’s Office, U. S. Army (Contract no. DA-49-007-MD- 
637) and the National Institutes of Health, Bethesda, Md. 
(H-3058 and H-3912). 

+ Established Investigator, American Heart Associa- 
tion, supported by the Illinois Heart Association. 


developed by Lowry and co-workers (4-6) for 
the brain, were adapted for study of the kidney 
(7, 8). In the present paper, the alkaline phos- 
phatase distribution in the nephron of adult man, 
monkey, dog, rat, rabbit, frog, and toadfish is 
reported, 

METHODS 


The methods employed will be described only insofar 
as they differ from those developed by Lowry and asso- 
ciates (4-6). Slices of renal tissue from healthy animals 
were obtained as rapidly as possible after death. Human 
renal tissue was obtained by percutaneous renal biopsy 
(9) in four cases, and at autopsy in two (within 3 hours 
of death). The human tissue was obtained from persons 
with no clinical or histological evidence of renal disease. 

Preparation of tissue for dissection. Immediately upon 
removal from the body the tissue was placed on a thin 
layer of a 5.0 per cent (weight/volume) tragacanth gel 
in 0.85 per cent NaCl [500 mg Mysteclin (Squibb) added 
per 500 ml to prevent fungal growth], which covered the 
top of a microtome sample holder (International Equip- 
ment Co., no. 3010). It was then immersed in liquid 
nitrogen and frozen rapidly. 

Serial sections, 16 yw thick, were cut on a Minot rotary 
microtome (International Equipment Co., no. 3007 with 
safety razor holder no. 3017) in a cryostat (Harris Re- 
frigeration Company, Cambridge, Mass.) at — 20°C. 
The first and third sections of every three cut were 
placed in a numbered well of a section holder (Acme 
Model Works, Chicago, Ill). The section holder con- 
taining the slices of tissue was inserted into a lyophilizing 
tube, and the sections were frozen-dried overnight in the 
cryostat at —20°C. The evacuated tube was stored in 
a deep-freeze at — 35° C. The sections for enzyme assay 
were removed from the evacuated tube in the cryostat 
after temperature equilibration to — 20°C. They were 
placed in a second tube containing Drierite and brought 
to room temperature. 

The middle section of every group of three cut was 
placed on a clean microscope slide, taken out of the 
cryostat, and allowed to thaw by warming the underside 
of the slide with the finger. The section was dried for 
15 minutes in room air, immediately fixed for 5 minutes 
in 80 per cent ethyl alcohol, and stained by the periodic 
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acid-Schiff (PAS) technique (5 minutes in 1 per cent 
HIQ, in H:O; rinsed in distilled HzO; 10 minutes in 
1 per cent fuchsin-1.9 per cent Na,S,O,; in 0.5 N HCl; 
rinsed twice in 0.6 per cent NaHSOs in 0.05 N HCl; 
finally rinsed in HzO). It was then counterstained with 
hematoxylin (5 seconds in hematoxylin-Harris, containing 
4 volumes per cent CHsCOOH), rinsed for 30 seconds in 
tap water, passed through ethanol and xylene, and 
mounted in Permount. 

Dissection of the frozen-dried tissue sections. The dis- 
secting, weighing and insertion of tissue fragments into 
the substrate were all done in an air-conditioned labora- 
tory maintained at a temperature of 23 + 2° C and a rela- 
tive humidity of less than 40 per cent, in order to prevent 
condensation of moisture on the specimens. 

The stained section was studied under a Galileo LGT/2 
microscope with projection viewer (Sanders Laboratories, 
E. Rutherford, N. J.) and a map was drawn of the whole 
section, glomeruli and blood vessels serving as landmarks. 
The various anatomical parts of the kidney were identified 
(see below). When this was done, one of the two ad- 
jacent frozen-dried sections was placed on the stage of an 
A. O. Spencer Cycloptic dissecting microscope (type 
53M-D2) and orientated with respect to the image of the 
stained section seen on the projection viewer. Each of 
the anatomical units of the kidney which had been iden- 
tified in the stained section was then located in the 
adjacent lyophilized section, and each unit was dissected 


Fic. 1. 


AcID-SCHIFF (PAS) TECHNIQUE AND COUNTERSTAINED WITH HEMATOXYLIN. 
The proximal convoluted tubules (P) are 
The distal convoluted 


of two glomeruli are seen below (G). 


broad and contain comparatively few nuclei in cross section. 
tubules (D) are narrower, and many more nuclei are seen on cross section. 


granules stained with PAS in the lumen. 
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TABLE I 
Properties of alkaline phosphatase in the human kidney 


Michaelis-Menten constant 


Optimal substrate concen- 
tration 


Optimal pH 

Activity vs incubation time 
(37° C) 

Activity vs enzyme concen- 
tration 


V2? c/Va7° c* 
Effect of 2 mM Mg*t 
Effect of 10 mM CN~ 


0.35 mM 
5.0 mM 


10.0 


Linear 0 to 60 minutes 


Linear between 0.0 and 0.4 
m moles/hour/L of incu- 
bation mixture 


0.17 
23% Increase at 37° C 
99.4% Inhibition at 37° C 


*V = velocity of the enzyme reaction at the tempera- 


tures given. 


out freehand with microscalpels. From 5 to 10 specimens 
of each specific unit of the nephron were dissected out in 
this manner and their location in the section was recorded 


on the map. 


Weighing of tissue fragments. 


Each of the dissected 


specimens was transferred from the dissection microscope 
to a specimen holder by means of a hair point (4). The 
specimen holder was a chemically clean 10 x 25 mm glass 


SIXTEEN & FROZEN SECTION OF RENAL CORTEX STAINED BY THE PERIODIC 


Portions 


Note the 


mand 
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slide, mounted on one end of a brass block 65 mm long 
x12 mm wide X10 mm high. Before weighing, the 
specimen holder, containing the fragments of tissue, was 
mounted on a manipulator, which was made from the 
mechanical stage of a microscope. The manipulator was 
used to load and unload the balance pan, and was placed 
on the left side of a horizontal stereoscopic microscope 
(A. O. Spencer, type 27K) which was used to read the 
displacement of the pan. This microscope was fitted with 
a vertical fine adjustment to facilitate the setting of the 
zero point. 

The specimens were then weighed on a quartz fiber 
“fishpole” balance (4), with a sensitivity and reproduci- 
bility of a 0.4 mug and a useful range of 10 to 100 mug. 
The balance was calibrated with quinine hydrobromide 
crystals and the displacement of the quartz fiber was 
found to be related linearly to the sample weight over 
the entire useful range (10). 

Enzyme assay technique. Each weighed specimen was 
inserted into 3 wl of substrate reagent contained in a 
microtest tube (ID 3 mm). This was done under the 
dissection microscope using a fine glass needle. Assays 
to determine alkaline phosphatase activity were then made 
using 3 wl of substrate reagent containing 0.5 M 2-amino- 
2-methylpropanol-1 (pH 10.0), 8 mM /p-nitrophenylphos- 
phate (Sigma), 2 mM MgCh, and 0.05 per cent bovine 
serum albumin (Armour). The conditions used for the 
assay were those we have found to be optimal for the 
human kidney (Table I). Omission of the 2 mM Mg** 
from the assay medium decreased the enzyme activity by 
19 per cent. Addition of 10 mM CN“ to the assay medium 
inhibited activity by 99.4 per cent. 

After incubation for one hour at 37° C, the reaction was 
stopped and color was developed by adding 50 ul of 0.1 
N NaOH. The optical density of the solution was read 
in Lowry-Bessey microcuvets at 410 my in the Beckman 
DU spectrophotometer. In each experiment suitable 
reagent blanks and standards were included. Tissue 
blanks were included in the initial experiments, but they 
were omitted subsequently after it had been found that 
the tissue, in the amounts used, did not increase the re- 
sulting optical density. The results were expressed in 
moles of substrate split per kilogram dry weight per 
hour (MKH units). 


RESULTS 


A. Morphology (Figure 1). To ensure that the 
individual anatomical and functional units of the 
nephron were dissected out accurately prior te 
chemical analysis, a detailed study of the morphol- 
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ogy of the nephron was made both in stained and 
in unstained frozen-dried sections. As a result of 
these morphologic studies we were able to dissect 
out separately glomeruli, single proximal convolu- 
tions or single distal convolutions of the tubules, 
medullary rays, tubules from the outer and inner 
medullary zones, and collecting tubules from the 
base and apex of the papilla. In a few instances 
pars recta of proximal tubules, descending and 
ascending loops of Henle, and collecting tubules 
were separated out from the medullary rays and 
from the outer and inner zone of the medulla.’ 
The various structures were identified and dis- 
sected out as follows. 

The glomeruli were easily identified and the 
glomerular tufts dissected out free of Bowman's 
capsule. In the rabbit they were small and fragile. 
In the frog they occurred in clusters and appeared 
very light gray in the dry section where they were 
identified more easily than in the stained section. 

The proximal convolutions of the tubules were 
broad, contained few nuclei in cross section and 
were composed of large cuboidal cells, which 
stained lightly with PAS (Figure 1). A distinct 
“brush border” was seen in the stained sections. 
In the dry sections they appeared gray and had no 
distinct lumen except in the rat, where the lumen 
was clearly visible. They formed the majority of 
the cortical tubules. 

The distal convolutions of the tubules were 
usually narrower than the proximal, and contained 
many more nuclei on cross section (Figure 1). 
Some were identified by their intimate relationship 
to the macula densa. The cells were flat and the 
cytoplasm stained very lightly with PAS. PAS- 
stained granules of a uniform size were seen in the 
lumen in all species studied except the dog. In 
the dry sections the distal conyolutions usually 
appeared darker than the proximal tubules, and a 
distinct lumen was visible. 

The medullary rays, in all species but the frog 
and the toadfish, were composed of the straight 


1 The terminology used in this paper to describe the various zones of the medulla compares as follows with that of 


Oliver and associates (11) : 
Present authors 
Outer medullary zone 
Inner medullary zone 


Base of papilla 
Apex of papilla 


Medulla 


Oliver and associates (11) 
Outer stripe | 


Inner stripe J Outer zone 
Medulla 


Inner zone | 
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part of the proximal tubules (pars recta), descend- 
ing and ascending loops of Henle, and collecting 
tubules. In the stained sections the morphology 
of the pars recta was similar to that of the con- 
voluted portion of the proximal tubules. The 
ascending limbs of the loops of Henle resembled 
the distal convoluted tubules. The collecting tu- 
bules were broad and contained many nuclei which 
appeared in two layers. Their cells were columnar, 
stained lightly with PAS, and the lumen contained 
many granules stained with PAS. The descending 
limbs of the loops of Henle were small round tu- 
bules with flat cuboidal cells. 

In the unstained lyophilized sections the medul- 
lary ray contained two types of tubules, gray and 
dark tubules. The dark tubules were identified 
as the ascending limb of the loop of Henle. Two 
types of gray tubules were distinguished in the 
rabbit—one a dark gray, the other a light gray. 
It was difficult to identify them with certainty. 

The outer medullary zone [outer stripe of outer 
medullary zone of Oliver and colleagues (11) ], 
was composed mainly of pars recta, loop of Henle, 
and collecting tubules. The brush border of the 
pars recta of the rat stained more densely with 
PAS than did the convoluted portions of the 
proximal tubules. 

The inner medullary zone (inner stripe of the 
outer medullary zone of Oliver and associates), 
contained collecting tubules and loops of Henle. 
The tubules were straight and converging toward 
the papilla. The loop of Henle appeared to curve 
around at the base of the papilla and return toward 
the outer medullary zone. In the dry section the 
collecting tubules were light and broad, whereas 
the loops of Henle were dark and narrow. 

The papilla (inner medullary zone of Oliver and 
associates ) was divided into a base and an apex, 
both consisting of collecting tubules, which were 
broad and composed of tall cuboidal cells which 
contained many nuclei. Many granules stained 
with PAS were seen in their lumina. In the dry 
section the papilla appeared uniformly light gray 
from base to apex. In the base there was a pre- 
ponderance of longitudinal sections, while in the 
apex there was a considerable number of cross 
sections of tubules. 

Convoluted tubules and collecting ducts were the 
only tubular structures recognizable in the kidney 
of the aglomerular toadfish, and there were large 
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amounts of lymphoid tissue between the tubules. 
Proximal and distal convolutions could not be dis- 
tinguished one from the other. 

B, Alkaline phosphatase activity. The levels of 
alkaline phosphatase activity in the individual units 
of the nephron of healthy man, monkey (Macacca 
mulatta), dog (mongrel), rat (Sprague-Dawley ), 
rabbit (New Zealand white), frog (Rana pipiens), 
and aglomerular toadfish (Opsanus taw) are given 
in Table II. This table also gives the number of 
individuals or animals studied and the number of 
fragments analyzed, together with the mean values 
obtained and the standard error of the means. The 
quantitative distributions are shown diagramat- 
ically in Figure 2. It should be noted that the 
alkaline phosphatase activity in the kidney of those 
species studied (man and dog) was inhibited com- 
pletely by cyanide, whereas in human serum, liver 
and bone, appreciable amounts of noncyanide- 
sensitive alkaline phosphatase activity were found. 

There were striking differences in the distribu- 
tion and activity of alkaline phosphatase from one 
species to another. The highest levels of activity 
were found in the rat. The levels of activity were 
low in the nephrons of man and monkey compared 
with those in the other species. 

The alkaline phosphatase activity of the glo- 
meruli was particularly low in man and monkey ; 
slightly higher levels were found in the dog and 
rabbit, whereas considerable activity was found in 
the rat glomeruli. Particularly high levels of ac- 
tivity were observed in the glomeruli of Rana 
pipiens, in which species there was higher activity 
in the glomeruli than in any other part of the 
nephron. This observation is similar to that re- 
ported by Pillai and Iyengar, who found, by histo- 
chemical staining techniques, that alkaline phos- 
phatase activity was higher in the glomeruli than 
in the proximal tubules of Rana hexadactylia (12). 

The alkaline phosphatase activity of proximal 
convolutions was significantly greater than that of 
distal convolutions in all species studied (Table 
II). Although this confirms in general the results 
obtained by histochemical staining techniques, the 
differences observed were less striking. For ex- 
ample, alkaline phosphate’ activity is not usually 
detected in distal convolutions by histochemical 
staining techniques, whereas the ultra-microchem- 
ical technique revealed low but definite activity in 
this part of the nephron, Significant activity was 


= 


1376 BONTING, POLLAK, MUEHRCKE AND KARK 


TABLE II 


Alkaline phosphatase activity in the anatomical units of nephrons from healthy kidneys in man and in various animal species 
(expressed in moles of substrate split per kilogram dry weight of tissue per hour at 37° C) * 


Man 


Monkey Dog Rat 
Structure analyzed 6t 2t 


Rabbit Frog Toadfisht 
3t 2t 2t 2t St 


Cortex: 

1.904+0.15 9.70+40.88  1.03+40.25 Absent 
[19] [10] [11] 

10.3 +1.16 30.9 +1.59 10.4 +1.41 
[27] [21] [13] 

0.85+0.27 7.4341.60 1.46+0.30 
[17] [9] [9] 


5.85+0.81 
39.7 +2.88 [3] 


[16] 12.5 +1.68 
[10] 


0.56+0.072 0.60+0.081 
[36] [18] 

5.48+0.28  2.32:0.21 
[40] [24] 

2.6740.20  1.10+0.34 
[41] [3] 


Glomeruli 29.8 +3.80 
[13] 


14.4 +1.39 
[16] 
10.3 
[12] 


Proximal convolutions 
4.92+0.295 


Distal convolutions [37] 
Medullary ray 
2.55+0.15 4.88+0.43 
(S] [27] 
3.08+0.53 1.44+0.39 
[5] [11] 


(Superficial cortex) 


0.66+0.13 Absent Absent 


[21] 


(Deep cortex) 


Medulla: 
13.8 +1.32§ 
0.8140.13 0.364013 2.254065 50.1 +4.50 [9] 
(11) [16] [29] [9] 
12 


Outer medullary zone 6.40+1.53 
[10] 
3.65+0.689 
0.70+0.18 [10] 
[18] 


8.70+1.73 Absent 


[10] 


1.2740.11 0.25+0.11 0.10+0.037 


Inner medullary zone 
[8] [6] 


3.2040.25** [9] 
[10] 


0.11+0.038 Absent Absent 


[10] 
3.88+0.40 0.150.027 
[10] 
15.3 40.69  2.7240.85 
[13] 


1.15+0.48 
[6] 


1.61+40.49 
[9] 


Base of papilla 0.7240.27 0.6340.27 3.50£0.27 
(SJ [3] [9 


0.27+40.078 0.38+0.11 Absent Absent 


[6] 


0.510.097 0.76+0.20 
[19] [12] 


Apex of papilla 


3.40+0.60 0.25+0.042 


1.12+0.19 
[16] [7] 


[25] 


Artery 


* Results are expressed as mean values with the standard error of the means. The total number of specimens of 


each structure analyzed is given in brackets. 


+ Toadfish, convoluted tubules only; lymphoid tissue = 30.9 + 1.28, [19]; Wolff canal = 3.23 + 0.15 MKH 


units, [27]. 
t Total number of kidneys analyzed. 


§ Light tubules: descending limb of Henle’s loop, collecting ducts and pars recta of proximal tubule. 


|| Dark tubules: ascending limb of Henle’s loop. 
§ Dark tubules: Henle’s loop. 
** Light tubules: collecting ducts. 


also found in the convoluted tubules of the aglo- 
merular toadfish. Wilmer was unable to demon- 
strate any stainable alkaline phosphatase except in 
the interstitial lymphoid tissue of this species (13), 
but later work by Longley has demonstrated stain- 
able alkaline phosphatase in the convoluted tubules 
of Opsanus tau (14). 

Particularly high levels of activity were found 
in the glomerulus, in the proximal convolutions, 
the medullary ray, and outer medullary zone of the 
rat. The activity of the vessels in the rat was also 
high, and thus was not due to contamination from 
blood within the vessels. 

In the monkey higher levels of alkaline phos- 


phatase were found in the medullary ray near the 
capsule than in the deeper regions of the cortex. 
The reverse was true in the rabbit, but in other 
species no such differences were observed. 

In the rat we were able to dissect the loop of 
Henle from the collecting tubules in the inner 
medullary zone (dark bar and light bar, respec- 
tively, in Figure 2). No significant difference was 
found in their alkaline phosphatase activity. 

In the outer medullary zone of the rabbit kidney, 
the ascending loop of Henle (dark bar, Figure 2) 
was dissected from the descending loop of Henle 
and from the collecting tubules (light bar, Figure 
2). In this species the mixture of collecting tu- 
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MAN 
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DOG 
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Fic. 2. THE QUANTITATIVE DISTRIBUTION OF ALKALINE 
PHOSPHATASE ACTIVITY IN THE NEPHRON. The bars rep- 
resent mean alkaline phosphatase activities expressed in 
moles of substrate split per kilogram dry weight of tissue 
per hour at 37°C. Note that the same scale is used for 
all animal species studied. (See text and Table II for 
details. ) 


bules and descending limb of Henle’s loop was 
found to have much greater alkaline phosphatase 
activity than the ascending limb of Henle’s loop. 


DISCUSSION 


When Lowry (4) developed his 
microtechniques for the study of brain cells, he 
first froze and then mounted the tissue specimens 


Techniques. 


in two separate operations. In the case of the 
small fragments of tissue obtained by needle bi- 
opsy, it was not possible to mount the frozen 
specimen on a microtome sample holder without 
allowing the specimen to warm up appreciably. 
After trying several techniques unsuccessfully, we 
found that the two operations of freezing and 
mounting could be combined successfully into one. 
The tissue was placed directly onto a sample holder 
covered with a layer of 5 per cent tragacanth gel 
and the sample holder with the tissue already 
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mounted was then immediately immersed in liquid 
nitrogen. Using this technique there was no visible 
evidence of ice crystal formation in biopsy material 
because the diameter of the sample was so small 
that rapid freezing could take place. When sur- 
gical biopsies and postmortem material were used, 
it was necessary to use slices of tissue less than 
2 mm thick, to avoid harmful ice crystal formation. 

Initially we employed sections cut at 30 p, but 
these were too thick to allow satisfactory recogni- 
tion of individual tubules. Sections cut at 6 to 
10 » were difficult to handle and provided too small 
a piece of tissue for analysis. These disadvantages 
did not occur with sections cut at 16 up. 

Most workers freeze-dry specimens at or below 
— 40°C (15, 16), because a uniform quality of 
preservation of tissue is thereby obtained. We 
found that kidney tissue could be frozen-dried at 
— 20° C without noticeable shrinking of the tissue. 
This had the advantage of allowing the freeze- 
drying process to be carried out in the cryostat in 
which the tissue was sectioned. Moreover, the 
drying process took place more rapidly at — 20° C, 
being complete in 4 to 5 hours. 

Identification of individual parts of the nephron, 
particularly the proximal and distal convolutions, 
proved to be difficult in unstained frozen-dried 
tissue. McCann approached this problem by in- 
jecting trypan blue im vivo, and dissecting out 
separately the areas of proximal convolutions 
stained with trypan blue and unstained distal con- 
volutions (8). As it was necessary to develop a 
technique applicable to human tissue, and as the 
dosage of trypan blue needed to outline the prox- 
imal convolutions would have resulted in a blue 
patient, McCann’s technique was unsuitable for our 
needs. Moreover, renal biopsies in man could not 
necessarily be obtained at the time when there was 
optimal concentration of trypan blue in the prox- 
imal convolutions. For these reason we tried 
fluorescence, phase contrast, and polarization mi- 
croscopy of the frozen-dried sections. With all 
these techniques no clear-cut differences were ob- 
served between proximal and distal convolutions 
at the low magnifications necessary for dissection. 
Thus far the only technique which allowed us to 
distinguish clearly between proximal and distal 
convolutions was the alternate section technique we 
used in this study. In addition, this technique 
allowed us to recognize and dissect separately 
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tubules in pathological human material, which 
showed various degrees of histological changes 
(17, 18). 

It has been shown previously by conventional 
histochemical staining techniques in many species 
(19, 20) and with the trypan blue technique used 
by McCann in dogs (8) that the alkaline phos- 
phatase activity of proximal convolutions was 
greater than that of distal convolutions. Our re- 
sults confirm these findings since they demonstrate 
a consistently and significantly higher alkaline 
phosphatase activity in proximal than in distal con- 
volutions. This suggests that our technique for 
identification and dissection of the individual parts 
of the nephron was accurate. 

The validity and reproducibility of the quantita- 
tive histochemical technique used in these experi- 
ments has been demonstrated by Lowry and asso- 
ciates (6,21). The sample size used in our studies 
was of the order of 15 to 100 myg dry weight, 
which is slightly larger than that used by Lowry, 
Roberts and Chang (21) in their study of single 
brain cells (8 to 25 myg). The average relative 
standard error of the mean for three replicate 
analyses of each of eight homogenates of human 
kidney was 1.49 per cent; for lactic dehydrogenase 
activity, the average relative standard error of the 
mean for four replicate analyses of each of eight 
homogenates was 2.31 per cent. These values are 
comparable to the average relative standard error 
of the means (10.5 per cent) for three different 
enzymes studied by Lowry and co-workers. In 
our experiments on dissected portions of the 
nephron the average relative standard error of the 
means for alkaline phosphatase was 15.4 per cent 
(Table III). For lactic dehydrogenase (22), the 
average relative standard error of the means was 
considerably smaller (8.3 per cent) (Table IIT). 
This difference between the standard errors of the 
means for alkaline phosphatase and lactic dehydro- 
genase can be accounted for partly by the fact that 
the readings for alkaline phosphatase were com- 
paratively close to the blank values, whereas those 
for lactic dehydrogenase were well above the blank 
values. In this respect, it is significant that the 
average relative standard error of the means for 
alkaline phosphatase was only 8.8 per cent in the 
proximal convolutions, which had the highest ac- 
tivity. An alternate explanation is that the varia- 
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TABLE Ill 


Average relative standard errors of the means for alkaline 
phos phatase and lactic dehydrogenase activities 
(all species combined) * 


Alkaline 
phosphatase dehydrogenase 


Structure analyzed 


x 


Glomerulus 

Proximal convolutions 
Distal convolutions 
Medullary ray 

Outer medullary zone 
Inner medullary zone 
Papilla 


WH ON AAD 


w 


Over-all average 


* Values for the arteries are not included in this table 
because the arterial tissue examined was not homogenous 
and consisted of arteries of different dimensions, varying 
from interlobular arteries to terminal branches. 


tion of enzyme activity from nephron to nephron 
is greater for alkaline phosphatase than for lactic 
dehydrogenase. 

Many authors, using histochemical staining tech- 
niques, have found no evidence of stainable alkaline 
phosphatase activity in the distal convolutions of 
many species (23). Our data indicate that there 
is a small but definite alkaline phosphatase activity 
in the distal convolution. The difference in enzyme 
activity demonstrated by these two techniques 
could be the result of inaccuracies in the dissection 
technique, resulting in intermixing of proximal and 
distal convolutions. However, this is unlikely for 
the following reasons: 7) Significant alkaline phos- 
phatase activity was found in the glomeruli, loops 
of Henle, collecting tubules and vessels—parts of 
the nephron in which no stainable alkaline phos- 
phatase activity has been found (24, 25). In dis- 
secting the glomeruli, papillary collecting tubules 
and vessels, there was virtually no opportunity for 
obtaining an admixture of structures with high 
activity. 2) Our data are comparable to those 
obtained by McCann for the dog (8)—the only 
other quantitative study of alkaline phosphatase 
distribution in the nephron. McCann found that 
the ratio of activity in the distal to that of the 
proximal convolutions in the dog was 0.19. He 
considered that his samples of proximal convolu- 
tions contained about 10 per cent of distal convolu- 
tions and vice versa. When the ratio of activity 
is corrected on the basis of complete homogeneity 
of samples, a ratio of 0.081 is obtained, which is 
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virtually identical with the ratio of 0.083 found in 
our experiments. 

The inherent limitations of the histochemical 
staining technique offer an alternative and more 
likely explanation for the discrepancies observed 
between the staining technique and the quantitative 
method. Visualization of stainable alkaline phos- 
phatase depends on the product of activity and 
incubation time exceeding an indefinable threshold 
value for recognition by light microscopy. If the 
incubation time is so chosen as to obtain suitable 
staining of structures with high activity, such as 
the proximal convolutions, the threshold value may 
not be reached in structures with lower activity, 
such as the distal convolutions. The fact that 
measurable alkaline phosphatase activity was found 
in all parts of the nephron, including those in 
which stainable alkaline phosphatase has not been 
demonstrated, suggests that the differences be- 
tween the two techniques are due to the inherent 
limitations of the histochemical staining technique. 
This view gains further support from a compara- 
tive study of the alkaline phosphatase distribution 
in the developing hamster tooth (26). When the 
alkaline phosphatase activity was measured quanti- 


tatively by the ultra-microtechniques used in this 
paper, the range of activity found in the various 
structures taken from the same dried section was 
from 0.85 + 0.20 to 298 + 26 moles of p-nitro- 
phenylphosphate split per kg dry weight per hour 


(MKH units) at 37°C. If the adjacent section 
was stained for alkaline phosphatase by the Gomori 
technique under conditions optimal for structures 
having an activity of 298 MKH units, structures 
with an activity of 140 MKH units exhibited un- 
equivocal staining for alkaline phosphatase, but an 
adjacent structure with an activity of 85 MKH 
units showed minimal stainable alkaline phospha- 
tase even when the tissue was incubated for pe- 
riods varying from 1 to 10 minutes. Structures 
with activities of 21 MKH units or less always 
gave a negative reaction under these conditions. 
These experiments demonstrate that the quanti- 
tative measurement of enzyme activity provides 
accurate data on a wide range of activities in all 
structures of tissue, provided they can be dissected 
out accurately. By contrast, the standard histo- 
chemical staining techniques demonstrate qualita- 
tively a comparatively narrow range of activities, 
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and may give negative results for structures with 
appreciable levels of enzyme activity. 


SUMMARY 


1. A quantitative technique for enzyme assay of 
individual functional units of the nephron is de- 
scribed. This technique depends on: a) exact 
identification of individual parts of the nephron, 
using stained frozen sections; )) microdissection 
of the individual parts of the nephron in adjacent 
unstained frozen-dried sections; c) weighing and 
subsequent enzyme assay. 

2. The optimal assay conditions for the alkaline 
phosphatase activity of the human kidney were 
determined. 
the magnesium-activated, cyanide-inhibited type. 

3. The morphology of frozen-dried unstained 
kidney sections of man, monkey, dog, rat, rabbit, 
frog and toadfish is described. 

4. The quantitative distribution of alkaline phos- 
phatase activity in the nephron of these species is 
reported. In general, alkaline phosphatase activity 
was found in all parts of the nephron analyzed, 
although there was considerable species variation. 
The highest activities were found consistently in 
the proximal convolutions, and the activities in the 
proximal convolutions were consistently signifi- 
cantly higher than those in the distal convolutions. 


It was found that the enzyme was of 
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In previous papers (1, 2) we have described 
observations on the quantitative distribution of 
alkaline phosphatase in the anatomical units of the 
nephron in man and other species. This enzyme 
was selected for study by microdissection of lyo- 
philized sections of kidneys and ultra-microassay 
because there was considerable information avail- 
able on its qualitative distribution in the nephron. 
In particular, the known qualitative differences in 
its distribution in the proximal and distal convolu- 
tions of the tubule allowed us to verify the accuracy 
of the microdissection technique we used (2). 
Once this was accomplished we were able to study 
the quantitative distribution of other enzymes for 
which less information was available. In_ this 
paper the results of assay of lactic dehydrogenase 
(LDH) activity on renal tissues from healthy hu- 
mans and laboratory animals are reported. LDH 
was chosen for study because it plays an important 
role in energy metabolism, namely, in the glycolytic 
formation of lactic acid and in its mobilization for 
complete oxidation in the tricarboxylic acid cycle. 
As far as could be ascertained, no data were avail- 
able on its distribution or functional significance in 
the cells of the nephron. 


METHODS 


Handling of tissue. In previous communications (1, 2) 
we have described in detail the techniques used for dis- 
secting, weighing, and enzyme assay of the individual 
units of the nephron. 

LDH assay. Optimal conditions for assay of LDH 
activity in the human kidney were determined (Table I). 
Tissue samples with a dry weight ranging from 10 to 100 


* Supported in part by grants from the Surgeon Gen- 
eral’s Office, U. S. Army (Contract no. DA-49-007-MD- 
637) and the National Institutes of Health, Bethesda, Md. 
(H-3058 and H-3912). 

+ Established Investigator, American Heart Associa- 
tion, supported by the Illinois Heart Association. 


mug were inserted into 10 wl of a substrate medium con- 
taining 1.0 mM sodium pyruvate, 1.25 mM reduced di- 
phosphopyridine nucleotide (DPNH, Sigma), 25 mM 
nicotinamide, and 0.05 per cent bovine serum albumin 
(Armour) in 0.2 M Tris buffer, pH 7.15. After incuba- 
tion for 30 minutes at 37° C the reaction was stopped and 
the excess DPNH destroyed by adding 2 ul 1.0 N HCl. 
A 10 ul aliquot was then transferred to a 75 10 mm 
Pyrex tube containing 100 ul 6.5 N NaOH and incubated 
for 30 minutes at 37°C. The oxidized DPN formed by 
enzyme action during the first incubation period was 
thereby converted into a fluorescent substance (3). After 
dilution of the resulting solution with 1.0 ml H:O the 
fluorescence was determined in a Farrand filter fluori- 
meter (primary filter, Corning glass color filter no. 5860; 
secondary filters, Corning nos. 4308, 5562, 3387). All 
readings were made against a quinine standard (0.25 ug 
per ml). The results were expressed in moles of DPNH 
oxidized per hour at 37°C per kilogram dry weight of 
tissue (MKH units). 

Effects of dry and wet “canning” on LDH activity. 
Because Lowry, Roberts and Chang (4) have shown that 
the method of “canning” (i.e., the act of inserting lyo- 
philized cells or tissue fragments into the microtest tubes 
prior to incubation) may affect enzyme assays, we studied 
the effects of two methods of canning on the assay of 
LDH. In dry canning the weighed tissue fragments 
were inserted into clean dry microtest tubes. The rack 


TABLE I 


Properties of lactic dehydrogenase in the human kidney 


0.20 mM 
0.11 mM 


1.0 mM 
2.5 mM 


Michaelis-Menten constant Pyruvate 


DPNH 
Pyruvate 
DPNH 
7.45 
Linear 0 to 120 minutes 


Optimal substrate concen- 
tration 


Optimal pH 
Activity vs incubation time 
(37°C) 


Activity vs enzyme concen- 
tration 


Linear between 0.0 and 0.35 
mmole/hour/L of incu- 
bation mixture 


V2? o/V37° c* 0.036 


*V = velocity of the enzyme reaction at the tempera- 
tures given. 
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TABLE II 


” on the lactic 


dehydrogenase activity * 


Monkey 


Structure analyzed 


Dry 


Glomerulus 
Proximal convoluted tubules 


116+ 10.6 
[13] 
137+ 6.6 
[26] 
171+11.0 
[10] 
146+ 5.5 


Distal convoluted tubules 
Medullary ray 

Outer medullary zone 
Inner medullary zone 
Papilla 


Vessel 


135+ 5.0 
[18] [4] 


27+ 6.5 
(4] 


444 4.4 
(12] 


44+ 5.8 
[13] 
78+ 4.9 
[14] 
90+ 8.2 
[10] 
143+ 6.6 
[18] 
167+20.4 
[8] 


151+20 
[8] 

252431 
[6] (4] 

316414 127+ 6.1 
[12] [6] 

280+11 634+ 6.7 
[6] [8] 

125+ 6.5 434 2.5 
[6] 


3534 2.7 


366+37 


[6] 
39+ 3.5 

[10] 
22+ 0.6 

[3] 


454 


* Expressed in moles DPNH oxidized per hour at 37° C per kilogram dry weight. The total number of specimens 


of each structure analyzed is given in brackets. 
t+ Significantly below 100 at 0.05 level. 


with tubes was placed in an ice bath and the incubation 
medium was then added. In wet canning the weighed 
tissue specimens were inserted directly into the substrate 
medium previously pipetted into microtest tubes, which 
were kept in an ice bath until all specimens had been 
inserted. 

Intracellular distribution of LDH activity. The intra- 
cellular distribution of LDH activity was also studied 
because we were unable to find such data in the literature. 
A 10 per cent homogenate was made of whole rat kidney 
in 0.25 M sucrose containing 1.8 mM CaCle and subjected 
to fractionation in the cold using a Spinco preparative 
ultracentrifuge (5). The resulting fractions were assayed 
for LDH activity. The nuclear fraction was prepared by 
layering 6 ml homogenate on 4 ml 0.34 M sucrose con- 
taining 0.18 mM CaCl and centrifuging at 100 x G for 
10 minutes. The mitochondrial fraction was isolated by 
centrifuging the supernatant at 5,000 x G for 10 minutes; 
the sediment was washed, resuspended, and centrifuged 
for 10 minutes at 24,000 x G. The microsomal fraction 
was prepared from the supernatant remaining after sedi- 
mentation of the mitochondrial fraction by centrifugation 
for 1 hour at 50,000 x G. The supernatant remaining 
after this centrifugation was the supernatant fraction. 


RESULTS 
Technical 


Table II shows the effects of two methods of 
“canning” on LDH activity. From this it is clear 
that the wet canning method gave significantly 
higher results for LDH activity than did the dry 


canning method in half of the cases. The wet 
canning technique was therefore adopted as a 
routine, and the incubation was carried out directly 
after the canning was completed. 


Experimental 


Intracellular distribution. Data on LDH assay 
in the fractions of renal homogenates are given in 
Table III. It can be seen that 93.3 per cent of the 
LDH activity was found in the supernatant frac- 
tion, while the total for the activities of the individ- 


TABLE III 


The intracellular distribution of lactic dehydrogenase 
in whole rat kidney homogenates * 


Percentage of activity 


Fraction analyzed in homogenatet 


Homogenate 100 +0.26 
Nuclear fraction 

Mitochondrial fraction 

Microsomal fraction 

Supernatant fraction 


Total 104.4 + 2.7 


* These are combined results from 3 separate fractiona- 
tions on 6 rat kidneys, each fraction being analyzed in 
triplicate. 

+ Results are mean values with standard errors of the 
mean. 
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TABLE IV 


Lactic dehydrogenase activity in the anatomical units of nephrons from healthy kidneys in man and various animal species 


Man 
Structure analyzed 7t 


Cortex: 


106+ 6.1 
[46] 


261+ 9.3 


Glomeruli 55.0+ 2.66 
[13] 


76.64 1.97 


Proximal convolutions 


2614 9.9 114 +4 5.77 356 
[49] [13] 


Distal convolutions 


Medullary ray 
129 + 3.77 
227+ 9.6 [13] 
[25] 148 + 4.19 
[13] 


(Superficial cortex) 


(Deep cortex) 


Medulla: 


200+412.0 170 + 5.41 
[11] [10] 


Outer medullary zone 


Inner medullary zone 130+ 5.51 156 +16.0 


Base of papilla 

158+24.3 65.4+ 5.50 
Apex of papilla [8] [4] 
131+12.8 


Artery 49.2+ 2.89 


each structure analyzed is given in brackets. 


73.6 3.78 


256 +15.8 
[55] [13] [19] 


+32.1 231 
[18] 


280 +17.5 (11) 
[31] 


+20.5 
[20] 


155 _+10.3 
[11] [4] (15] 


87.4410.9 [2] 181 
[10] 


61.5413.1 
[31] [10] 


Toadfisht 
St 


Frog 
2t 


71.34 5.55 55.24 5.14 42.743.76 Absent 


[12] [17] [14] 
152 + 8.06 83.34 8.24 62.5+4.44 
[14] [13] [13] 
+18.3 289 +183 83.643.12 
[17] [13] [15] 


28.5+4.24 
[38] 


104. +27.4§ 
170 +54.1 Absent 


159 +15.5|| [12] 
[4] 


Absent 


129 +12.6** 
[8] 72.247.38 
309 +19.84 [13] 
[12] 


311 458.49 

[3] Absent 

88.4+25.7§ 
[9] 


219 438.99 
[10] 

66.8+ 4.60t+ 
[9] 


295 +10.8 79.4+7.70 Absent 


[12] [12] 


182 + 5.01 


+ 8.5 Absent Absent 


293 +11.0 [5] 
[6] 


66.04 5.10 47.04 8.3 
[9] (7] [13] 


27.146.30 39.5+3.38 
[19] 


+t Toadfish, convoluted tubules only; lymphoid tissue = 83.4 + 2.99 [42]; Wolff canal = 67.3 + 4.07 MKH 


units [37]. 
t Total number of kidneys analyzed. 
§ Light: pars recta and collecting tubules. 
| Dark: distal convolutions. 
{| Dark: ascending loop of Henle. 


** Light: descending loop of Henle and collecting tubules. 


tt Light: collecting tubules. 


ual fractions was very close to the activity of the 
whole homogenate. 

Individual nephrons. DH activity was assayed 
in the individual units of the nephron of man, 
monkey (Macacca mulatta), dog (mongrel), rat 
(Sprague-Dawley ), rabbit (New Zealand white), 
frog (Rana pipiens), and aglomerular toadfish 
(Opsanus tau). The results are shown in Table 
IV. The number ot individuals or animals studied 
and the number of fragments analyzed are given, 
together with the mean values and standard error 
of the means. The quantitative distributions are 
shown diagrammatically in Figure 1. 


The over-all level of LDH activity was high, 
being approximately from 10 to more than 100 
times the activity obtained for alkaline phospha- 
tase (2). 

In man no difference was found between the 
LDH activities in the proximal and distal con- 
voluted tubules. In all other species the activity 
in the distal convoluted tubules was greater than 
that in the proximal convoluted tubules. The 
levels of activity found in the medullary tubules 
were comparable to those in the cortical tubules. 
Except for the vessels, the lowest LDH activity 
was found in the glomeruli of all species. 


(expressed in moles of DPNH oxidized per kilogram dry weight of tissue per hour at 37° C) * ee 
2t 3t 2t 2t ee 
ay 
| 
* Results are expressed as mean values with the standard error of the means. The total number of specimens of Wee 
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of 

Fic. 1. THE QUANTITATIVE DISTRIBUTION OF LACTIC 
DEHYDROGENASE ACTIVITY (LDH) IN THE NEPHRON. The 
bars represent mean LDH activities expressed in moles 
of DPNH split per kilogram dry weight of tissue per 
hour at 37°C. (See text and Table IV for details.) 


After the experiments reported here were com- 
pleted, further assays of LDH activities were made 
in our laboratory. All the results obtained were 
from 29 to 42 per cent of those reported in Table 
IV ; however, the distribution and ratio of LDH 
activity in the individual units of the nephron re- 
mained the same. The over-all decrease in LDH 
activity was found to coincide with the use of a 
new batch of DPNH (Sigma). An investigation 
planned to find the cause of the discrepancy was 
seriously handicapped by the fact that none of the 
first batch of DPNH was available for study. 
However, a thorough study was made of all pos- 
sible causes of inhibition of LDH activity which 
suggested themselves to us. 

Whereas with the first batch of DPNH the 
LDH activity in the rat glomerulus was 71.3 
+ 5.55 MKH units, the activity found in the new 
batch of DPNH was 29.3 + 2.71 MKH units, ice., 
a ratio of 2.42 to 1. Similarly, the LDH activity 
of normal human glomeruli was found to be 106 
and 30.8 MKH units with the first and second 
batches of DPNH, respectively, i.e., a ratio of 3.45 
to 1. Recently Dubach and Recant have published 
a value of 26.6 + 3.0 MKH units for the rat glo- 
merulus (6), which agrees closely with values for 
LDH activity we are getting at present. This 
might suggest either that an inhibitor of renal 
LDH activity was present in the second batch of 


DPNH, or that an activator was present in the 
first batch. 


DISCUSSION 


Technique. Since higher results were obtained 
with the wet canning technique than with the 
dry canning technique, wet canning was em- 
ployed in all the LDH assays. Lowry and asso- 
ciates have shown that the loss of activity in the 
dry canning technique was due to condensation 
of water on the small fragment of tissue before the 
incubation medium was added (4). Two sets of 
experiments were performed to compare the effects 
of the two canning methods. The experiment 
on monkey kidney was done while the relative 
humidity was 10 per cent. The loss of activity in 
the dry canning method did not exceed 22 per 
cent, except in the case of the papilla, which was 
in the ice bath for the longest period before the 
reagent was added. The experiment was done 
on dog kidney while the relative humidity was 25 
per cent; the loss of LDH activity in the dry can- 
ning method was significant in all structures ex- 
cept the glomeruli, and exceeded 50 per cent in all 
but two structures. These data confirm Lowry 
and co-workers’ suggestion (4) that condensation 
of water on the minute specimen is the important 
factor in the loss of enzyme activity in the dry 
canning method. It also seemed possible that 
the humidity of the atmosphere might affect the 
enzyme activity during the 2 to 3 hours’ exposure 
of the tissue prior to canning, i.e., during: dissec- 
tion and weighing. For this reason we compared 
the activities found in proximal and distal con- 
voluted tubules for normal man with the relative 
humidity prevailing when the experiments were 
done. Over a range of relative humidity from 22 
to 40 per cent no correlation existed between the 
humidities prevailing and the LDH activities. 

One further factor which might possibly influ- 
ence the results is the length of storage of the 
tissue sections prior to assay. We found that 
storage up to six months of the frozen-dried tissue 
sections in vacuo at — 35° C did not influence the 
enzyme activity. This is in accord with the results 
reported by Strominger and Lowry (7). 

The validity and reproducibility of the quantita- 
tive histochemical technique used in these experi- 
ments (1) have been demonstrated by Lowry and 
associates (8). The sample size used in our stud- 
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ies was of the order of 15 to 100 mug, which is 
slightly larger than that used by Lowry and co- 
workers in their study of single brain cells (8 to 25 
mpg) (4). The average relative standard error 
of the mean in all our experiments was 8.3 per 
cent. This value is comparable to the average 
relative standard error of the mean (10.5 per cent) 
for three different enzymes studied by Lowry and 
colleagues. 

Experimental. The results for LDH activity 
were much higher on a molar basis than those 
found for alkaline phosphatase in the same species 
(2), and also higher than those found for aldolase, 
fumarase, hexokinase, and phosphohexoisomerase 
in the dog kidney (9). Thus, assuming these 
measurements quantitatively reflect activity in vivo, 
it seems unlikely that LDH is a rate-limiting en- 
zyme in the glycolytic system in any part of the 
nephron. 

LDH was more evenly distributed throughout 
the units of the nephron than was alkaline phos- 
phatase. The lowest levels of LDH activity were 
found in the glomeruli. This appears to be part 
of a general pattern emerging from the data re- 
ported by McCann for aldolase, fumarase, hexo- 
kinase and phosphohexoisomerase in the dog kid- 
ney (9), and from our own unpublished results 
with glucose-6-phosphatase, adenosine triphospha- 
tase and hexokinase (10). 

The finding that LDH is almost exclusively 
located in the nonparticulate cytoplasm is note- 
worthy in view of the fact that the enzymes of the 
Krebs cycle have been located principally in the 
mitochondria (11, 12), whereas the nonparticulate 
cytoplasm contains the glycolytic system (11). 
This would mean that it is necessary for lactic acid 
to be oxidized to pyruvic acid in the nonparticulate 
cytoplasm before entering the Krebs cycle in the 
mitochondria. 

SUMMARY 


1. The quantitative distribution of lactic de- 
hydrogenase (LDH) activity in the nephron of 
man, monkey, dog, rat, rabbit, frog and toadfish 
was studied. 

2. Considerable LDH activity was found in all 
parts of the nephron analyzed. In all cases the 
cortical tubules had higher activity than did the 
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glomeruli. The highest levels of activity were 
found in the nephrons of man and dog, the lowest 
in the frog and the toadfish. 

3. Within the cell, LDH activity was found 
almost exclusively in the nonparticulate cytoplasm. 
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The present investigations were designed to 
study by a quantitative technique the distribution 
of enzyme activity in the various individual ana- 
tomical and functional units of the human nephron. 
Our first objective was to study the role played 
by enzymes in the formation of urine, particularly 
in the secretion and reabsorption of various sub- 
stances in the renal tubule. The second objective 
was to discover enzymes in the kidney which may 
appear in the blood stream or in urine, and whose 
measurement in renal disease could be used as an 
index of damage to specific structures in the 
nephron. 

In this paper investigations are reported on the 
relationship between isolated and combined defects 
in the function of the renal tubules and alkaline 
phosphatase and lactic dehydrogenase (LDH) ac- 
tivity in the nephron. Assays of enzyme activity 
were made on the individual anatomical units of 
the nephron of kidneys from patients with familial 
renal glycosuria, hypophosphatasia, phosphate-los- 
ing renal tubular disease, cystine storage disease, 
and the adult Fanconi syndrome. The results were 
compared with those from kidneys of persons free 
of renal disease. 


MATERIAL AND METHODS 


Healthy kidneys. In five instances specimens of healthy 
kidneys were taken by biopsy during the course of a 
laparotomy for disease unrelated to the kidney, e.g., dur- 
ing elective cholecystectomy or repair of a ventral hernia. 
Two specimens were taken at autopsy, 3 and 6 hours after 
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637) and the National Institutes of Health, Bethesda, Md. 
(H-3058 and H-3912). Presented in part at the Thirty- 
first Annual Meeting of the Central Society for Clinical 
Research, November, 1958. 

+ Established Investigator, American Heart Associa- 
tion, supported by the Illinois Heart Association. 


death. All of the kidney specimens so obtained were 
from patients with no recent or past history of renal 
disease, and in whom examination of the urine and blood 
revealed no evidence of renal disease. In none was the 
primary disease one known to have secondary effects on 
the kidney. 

Abnormal kidneys. The renal tissue was removed by 
percutaneous renal biopsy (1) from 5 patients (see be- 
low). Tissue was also obtained postmortem from a pa- 
tient with the adult Fanconi syndrome (Case 1) and 
from an infant with the infantile form of hypophos- 
phatasia. These specimens were obtained and frozen 
within 1 and 5 hours after death, respectively. Two 
specimens of kidney tissue were analyzed from the patient 
with the phosphate-losing renal tubular disease, who died 
suddenly from a subarachnoid hemorrhage. A specimen 
had been obtained by biopsy 11 weeks before death, the 
second was taken at autopsy 4 hours after she died. 

Methods of dissection and analysis of tissue for enzyme 
activity. These have been described in detail in previous 
communications from this laboratory (2, 3). Optimal 
conditions for the assay of alkaline phosphatase and LDH 
activities in human kidneys were used for the assays (2, 
3). The results were expressed in moles of substrate 
split or in moles of DPNH oxidized per kilogram dry 
weight of tissue per hour at 37° C. 


RESULTS 


Statistical handling of data (Tables I and II) 


In the previous two papers the results of enzyme 
assays were expressed in terms of the total number 
of fragments of each structure. studied (2, 3). A 
different form of analysis was necessary in the 
present study in order to compare data from single 
pathological cases with data from analyses of sev- 


eral normal kidneys. Therefore, in the case of 
healthy kidneys the results were expressed as 
means with standard deviations of the means of 
all the healthy kidneys grouped together. The 
results for the single pathological specimens were 
expressed differently—as means with standard de- 
viations of the individual renal fragments analyzed. 
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Values removed more than 2 standard deviations 
from the mean values obtained for healthy kidneys 
were regarded as significantly different statistically 
(p= < 0.05). In evaluating the functional sig- 
nificance of changes in enzyme activity, however, 
it must be kept in mind that very considerable 
changes in enzyme activity may be necessary be- 
fore functional effects can be expected. 


Healthy kidneys 


Alkaline phosphatase. The level of alkaline 
phosphatase activity was found, on a molar basis, 
to be low throughout the nephron, the lowest 
activity being in the glomeruli (Table I). The 
highest activity was found in the proximal convo- 
lutions, and this activity was significantly greater 
than that in the distal convolutions (¢ = 6.65; p 
= < 0.001). Comparatively low levels of activity 
were found in the medulla and papilla. 

LDH, There was a high level of activity, on 
a molar basis, of this enzyme throughout the 
nephron (Table II). The enzymatic activity of 
the proximal and distal convolutions was higher 
than that of any other segment of the nephron, 
and as in the case of alkaline phosphatase, the 
lowest activity was found in the glomeruli. In the 
case of both enzymes there were no significant 


TABLE 


POLLAK, BONTING, MUEHRCKE AND KARK 


differences in activity between specimens taken by 
biopsy and at autopsy. 


Results in disease states 


Renal glycosuria. A 31 year old bank clerk and 
many members of his family were known to have 
renal glycosuria. He was in excellent health and 
fasting blood glucose levels and oral glucose tol- 
erance tests were normal. The renal functions 
measured were within normal limits, as was the 
histology of the renal biopsy. 

Alkaline phosphatase activity was decreased in 
the proximal (> 3 SD) and in the distal convolu- 
tions (= 3 SD), but was not significantly altered 
in the glomeruli. The LDH activity was not 
significantly different from normal in any unit of 
the nephron analyzed. 

Hypophosphatasia, Although hypophosphatasia 

is not usually considered to be a disease with clin- 
ically significant renal tubular dysfunction, it was 
chosen for study because of the possible relation- 
ship between alkaline phosphatase activity and the 
reabsorption of glucose by the proximal tubule (4, 
5). Kidneys from three children with hypophos- 
phatasia were studied. Full details of the three 
cases have been published elsewhere (6). 

The first patient, a two and one-half year old 


Lactic dehydrogenase activity in the anatomical units of nephrons from healthy kidneys and from the kidneys of patients 
with renal tubular dysfunction (expressed in moles of DPNH, oxidized per kilogram 
dry — of tissue mer hour at 37° C) * 


Hypophosphatasia 


Phosphate- 


Healthy 
adult 
kidneys 
7t 


Familial Juvenile 
renal - 
cosuria Case If 


122 +32.4 
[5] 


Case 


Structure analyzed 


Glomeruli 108+22 116+421.5 
6 [46] [8] 


Proximal convolutions 257 +41 
256444 
7 [49] 
231425 
3 [25] 
165 +21 
3 [22] 


175 +82 
3 [8] 


299444.1 206+10.2 312+64.0 
[6] [6] 


Distal convolutions 334435.8 2864+52.6 299+477.0 
[Ss] [8] [6] 


Medullary rays 249 +34.4 
[7] 


Medulla (outer and inner 
medullary zones) 


Papilla 
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Small artery 
6 [31] 


151+24.8 
[4] 


Infantile 


142449,9 213444.1 
[6] [6] 


357 +33.1|| 


234464.9 260445.6 375+27.0 
[6] [6] [6] 


326+30.8 289+40.9 


196+14.7 203 +39.2 
[S] [6] 


losing 

renal 
tubular 
diseaset§ 


Adult Fanconi syndrome 


Case 2 


Cystine 
storage 
disease 


Case 1 


5040.99 
[2] 


87+ 8.63 
[7] 


146+15.2 3947.06 58+23.0 
[6] [8] [7] 


314415.0 171421.1 114426.8 165+ 41.0 314+451.0 
[21] [8] (7] 


336 +53.8 1314-63.0 191+ 28.0 336+453.8 
[7] [7] 


271469.0 134429.1 99423.0 1374 31.1 320+459.4 
[6] [7] (7] [6] (7] 


108+24.0 152+100.0 200+26.9 
[12] [6] [10] [17] 


152 +30.3 89 +18.1 
(12) [6] 


77416.0 30413.1 53423.0 264 7.08 62+419.5 
[6] [2] [6] [8] [6] 


brackets. 


t Number of kidneys analyzed in each group is shown in italic type. 


* For the healthy kidneys the mean value and standard deviation are given for the averages of each patient; for the pathologic kidneys the 
mean value and standard deviation are given for the fragments of tissue analyzed. 


The total number of tissue fragments analyzed is given in 


j Multiplied with factor 3.45 to correct for inhibitor present in DPN H used in these experiments (3). 


Autopsy specimen only. 


|| Proximal and distal convolutions could not be dissected out separately in this patient. 
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white girl, presented because of loss of the de- 
ciduous teeth. There were no abnormal clinical 
findings but changes consistent with those seen 
in hypophosphatasia were found on X-ray of the 
long bones. The serum alkaline phosphatase level 
was 0.5 Bodansky unit. 

The second patient, a three year old white girl, 
had widespread bony deformities, premature loss 
of deciduous teeth, and radiological changes con- 
sistent with hypophosphatasia. The serum alkaline 
phosphatase level was 0.6 Bodansky unit. 

The third patient, a two month old white infant, 
had had gross skeletal defects from birth. Seizures 
characteristic of hypsarrhythmia appeared at eight 
days. The child died of pneumonia. Physical ab- 
normalities included gross skeletal deformities, 
with wide flat fontanelles and widely separated 
sutures. Radiologically, there was delayed ossifi- 
cation of the skull, demineralization of the spine, 
marked flaring of costochondral junctions and an 
irregular appearance of the rib shaft. The meta- 


physes were demineralized and there were de- 
formities of the diaphyses of the long bones. The 
serum alkaline phosphatase was 0.0 and 0.7 Bodan- 
sky unit; calcium was 11 mg per 100 ml and 


inorganic phosphate was 5.2 mg per 100 ml. Over- 
growth of cartilage, failure of bone resorption, 
much osteoid, poor calcification and irregularity of 
bone trabeculae were noted postmortem. Calcium 
deposits were found in the interstitial tissue of the 
kidney among normal glomeruli and tubules. The 
tissue alkaline phosphatase activities were meas- 
ured in homogenates of liver, spleen, kidney and 
bone, and were found to be from 0.7 to 15 per cent 
of levels in tissues from an infant of the same age 
who had died in an accident (6). 

Serum alkaline phosphatase levels were abnor- 
mally low in members of the families of all three 
children. Phospho-ethanolamine was demonstrated 
by two-dimensional paper chromatography in the 
urine of all three patients. None of the three 
patients had glycosuria. The first patient, how- 
ever, was found to have aminoaciduria. 

Extremely low levels of alkaline phosphatase 
activity were found in nephrons from these three 
patients, but the levels of activity in the two 
juvenile cases of hypophosphatasia were approx- 
imately double that found in the infantile. All 
these results were significantly lower than meas- 
urements from two normal infant kidneys, ana- 
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lyzed as controls (7). The LDH activity in the 
juvenile cases did not differ significantly from 
that found in the healthy adult or infant kidneys, 
but there was a slight increase of LDH activity in 
the case of infantile hypophosphatasia. 

Phosphate-losing renal tubular disease. The 
kidney from a 53 year old white advertising execu- 
tive was studied on two occasions. She had 
enjoyed excellent health until the age of 50, when 
she had a sudden pain in the chest and was found 
to have several fractured ribs. Thenceforth she 
sustained numerous spontaneous fractures. The 
serum calcium was between 9.5 and 10.8 mg per 
100 ml, inorganic phosphate between 1.8 and 2.5 
mg per 100 ml, and alkaline phosphatase from 3 
to 4 Bodansky units. The tubular reabsorption of 
phosphate was 47 per cent on a diet containing 1.5 
g phosphate per day. It was not affected by treat- 
ment with 500,000 units of vitamin D daily for 
6 days, but it increased from 47 to 59 per cent 
when calcium (1.5 mg per kg) was infused. The 
urine specific gravity varied from 1.002 to 1.018, 
and the serum nonprotein nitrogen was 12 mg per 
100 ml. There was no aminoaciduria or glyco- 
suria. There was no evidence of intestinal mal- 
absorption. Several bone biopsies were character- 
istic of osteomalacia, and the parathyroid glands 
were found to be normal on exploration of the 
neck and mediastinum (8). The patient died from 
a subarachnoid hemorrhage. No morphologic ab- 
normalities were found in the renal biopsy speci- 
men or in the kidneys examined postmortem. 

The alkaline phosphatase activity was low 
throughout the nephron, but least abnormal in the 
glomeruli. These differences were significant in 
the proximal convolutions (> 4 SD) and in the 
distal convolutions (= 3 SD). Even lower ac- 
tivities were found in histologically degenerated 
convoluted tubules. The LDH activity was 
slightly but not significantly increased throughout 
the nephron, except in the papilla. 

Cystine storage disease with Fanconi syndrome. 
Nephrons from one patient, aged four and one-half 
years, with cystine storage disease, were studied. 
Failure to thrive had been noted from the age of 
18 months, and polyuria and polydipsia from the 
age of three years. Cystine crystals were found in 
the corneas, and in the reticuloendothelial cells of 
the bone marrow. The urine volumes varied be- 
tween 2 and 5 L daily, and the urine specific 
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gravity did not exceed 1.005 during dehydration or 
after injection of Pitressin (vasopressin). There 
was no glycosuria but there was a pronounced 
aminoaciduria (total a-amino-nitrogen excretion 
1,545 mg per 24 hours). The serum potassium 
was consistently low. On histological examination 
of the renal biopsy, slight degenerative changes 
were found in the convoluted tubules, and there 
was a slight increase of fuchsin-positive and pe- 
riodic acid-Schiff (PAS)-positive granules in the 
cytoplasm. No other abnormality was found. 
The father, paternal grandfather and one sister 
were found to have a heavy aminoaciduria. The 
second sister was shown to have cystine storage 
disease ; cystine crystals were seen in corneas and 
bone marrow, and rickets, aminoaciduria and 
glycosuria were noted. 

The alkaline phosphatase activity was signifi- 
cantly higher than normal in the glomeruli (> 2 
SD) and was slightly elevated in the histologically 
normal proximal convolutions (< 2 SD). How- 
ever, the alkaline phosphatase activity was sig- 
nificantly decreased in the histologically degen- 
erated convolutions. By contrast, LDH activity 
was significantly decreased in glomeruli (> 3 


SD), proximal convolutions (= 2 SD) and medul- 
lary rays (> 3 SD). 

Adult Fanconi syndrome. 
three patients with the adult Fanconi syndrome 
were studied. Full details of the clinical histories 
and metabolic studies on Patients 1 and 2 will be 


The kidneys from 


published elsewhere (9). Although there were 
considerable pathophysiological similarities in these 
three patients, we report them below individually 
because of the different underlying renal path- 
ologies. 

Patient 1, a 51 year old man, died in cardiac 
and hepatic failure with postnecrotic cirrhosis, 
osteomalacia and atypical multiple myeloma. Dur- 
ing life the urine volume varied from 2 to 5 L, 
and the urine specific gravity from 1.012 to 1.018. 
The creatinine clearance was 55 ml per minute, the 
urea clearance was 60 per cent of average normal 
renal function, and the excretion of phenolsul- 
fonphthalein was 15 per cent in 2 hours. The 
serum nonprotein nitrogen was 27 mg per 100 ml. 
The following substances were excreted in excess 
in the urine: glucose, glycine, a-amino-nitrogen, 
inorganic phosphate, calcium, uric acid, and potas- 
sium. Tubular reabsorption of phosphate was 21 
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to 38 per cent. On microscopic examination of 
the kidney, moderately severe degenerative changes 
were seen in the tubular cells, and there was patchy 
tubular atrophy. Several tubules contained hyaline 
or pigmented casts, and some of the casts con- 
tained bilirubin. In some tubules there was syn- 
cytial formation such as occurs in multiple my- 
eloma. Cuboidal crystals of unknown composition 
were seen in proximal convoluted tubules and 
interstitial tissue. The glomeruli were normal but 
there was diffuse fibrosis of the interstitial tissue. 

Patient 2, a 52 year old housewife, was ill with 
osteomalacia and multiple pseudofractures. Her 
urine volume varied from 1.5 to 2 L per day, the 
specific gravity from 1.012 to 1.017, and the pH 
from 6.0 to 7.5. The endogenous creatinine clear- 
ance was 21.4 ml per minute, the urea clearance 
was 22 per cent of average normal renal function, 
and the excretioh of phenolsulfonphthalein was 12 
per cent in 2 hours. The serum nonprotein nit- 
rogen was 50 mg per 100 ml. She excreted the 
following substances in excess in her urine: glu- 
cose, glycine, a-amino-nitrogen, uric acid, sodium, 
chloride, potassium, and phosphate. Pyelonephritis 
and arterial and arteriolar nephrosclerosis were 
diagnosed by means of a renal biopsy. Several 
glomeruli were hyalinized and there was a mod- 
erate degree of tubular atrophy and degeneration. 

Patient 3, a 38 year old Negro housewife, was 
also ill with osteomalacia and multiple pseudofrac- 
tures, and in addition had metastases from an 
osteogenic sarcoma. The serum calcium ranged 
from 9.4 to 10.3 mg per 100 ml, and the inorganic 
phosphate from 1.1 to 1.8 mg per 100 ml. The 
serum alkaline phosphate level was normal. The 
urine volume varied from 1.4 to 2.0 L daily, and 
the specific gravity from 1.022 to 1.031. The 
endogenous creatinine clearance was 119 ml per 
minute, and the serum urea nitrogen was 8 mg 
per 100 ml. She excreted the following substances 
in excess in her urine: glucose, phosphate, glycine, 
and other amino acids. No abnormality was found 
on histological examination of the renal biopsy 
specimen. 

Biochemical analyses of the kidneys from these 
three patients revealed a marked decrease of alka- 
line phosphatase activity throughout the nephrons, 
except for the glomeruli, where it was normal. 
Particularly low levels were found in the proximal 
and distal convolutions (> 3 SD). LDH activity 
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was also significantly decreased in the glomeruli, 
proximal convolutions and medullary rays of Pa- 
tients 1 and 2, and in the distal convolutions of 
Patient 1. However, there was a slight increase 
of LDH activity throughout the nephrons of the 
third patient, but this was significant only in the 
medullary ray (> 3 SD). 


DISCUSSION 


Very little is known currently of the distribution 
and functions of enzymes in the individual anatom- 
ical and functional units of the nephron. The 
limited knowledge we possess of the distribution 
of enzyme activity in the nephron has been gleaned 
by histological staining techniques. Because these 
techniques yield only qualitative information of 
limited value, the quantitative techniques reported 
in the previous two papers (2, 3) were applied to 
the study of human renal tissue. 

Method of dissection of specimens. The justifi- 
cation for and validity of the microdissection tech- 
nique were discussed in a previous paper (2), in 
which it was shown that individual units of the 
healthy nephron could be dissected out accurately 
and assayed with precision for enzyme activity. 
Several new problems arose when nephrons from 
diseased kidneys were studied. In particular, there 
were considerable variations in the histological ap- 
pearance both of glomeruli and of the individual 
anatomical units of the tubules. For example, the 
appearance of the proximal convolutions was more 
heterogeneous than that in healthy kidneys. Some 
appeared normal with brush borders, whereas 
others showed either degenerative changes or 
atrophy, or both. Thus, histologically normal 
proximal convolutions were more easily identified 
than were histologically abnormal proXimal con- 
volutions ; this might lead the dissector, consciously 
or unconsciously, to dissect out the histologically 
normal tubules rather than the damaged tubules. 
In order to have a representative sample, every 
effort was made to dissect out for analysis both 
histologically normal and histologically abnormal 
tubules whenever there were distinct variations in 
the histological appearance of the tubules. Those 
tubules which were so abnormal that they could 
not be identified were analyzed as a separate group 
—‘degenerated convolutions.” 

Levels of enzyme activity in renal tubular dys- 
function. The results suggest that there are sig- 
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nificant differences in enzyme activity between 
healthy kidneys and the nephrons in various dis- 
ease states. Alkaline phosphatase activity was 
found to be decreased significantly in the con- 
voluted tubules in all diseases studied, with the 
exception of cystinosis. 

LDH activity was decreased significantly only 
in two of the three cases of adult Fanconi syn- 
drome and also in the child with cystine storage 
disease and Fanconi syndrome. All three were 
excreting very large amounts of a-amino-nitrogen 
in the urine. The third adult with the Fanconi 
syndrome was excreting only a slight excess of 
a-amino-nitrogen ; the LDH activity of the tubules 
was not decreased. These findings might suggest 
that the long continued massive amino acid deple- 
tion resulted in a decreased synthesis of enzyme 
protein in these patients. However, the finding of 
normal alkaline phosphatase activity in the tubules 
of the child with cystinosis makes this explanation 
unlikely. Therefore, alternative explanations must 
be sought. 

In lupus glomerulonephritis, for example, where 
the tubular degeneration was of a comparatively 
mild degree, increased LDH activity was found in 
the convoluted tubules (10). 
dence of severe impairment of renal function in this 
disease, and glucose, inorganic phosphate, and 
amino acids appeared to be reabsorbed normally 
by the tubules. Thus far, decreased LDH activity 
has been found only in nephrons from the three 
kidneys with histologically severe tubular dis- 
organization, and with severe derangements of 
tubular function; the lowest activity was observed 
in nephrons of the most severely damaged kidney. 
Thus the decreased LDH activity of these severely 
damaged nephrons may reflect or be a consequence 
of the severe damage sustained by the tubular cells 
in the basic disease processes of severe adult 


There was no evi- 


Fanconi syndrome and of cystine storage disease. 

The coefficient of variation within individual 
kidneys was invariably larger than the coefficient 
of variation between individual kidneys (Table 
III), suggesting that the variation from nephron 
to nephron within a single healthy kidney was as 
great as, or greater than, the variation from healthy 
kidney to healthy kidney. There was little differ- 
ence in the coefficient of variation for LDH activity 
in individual healthy and abnormal kidneys, sug- 
gesting that the nephron population of abnormal 
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TABLE Ill 


Coefficients of variation for alkaline phosphatase and lactic dehydrogenase activities in healthy kidneys 


and in kidneys from patients 


with renal tubular dysfunction 


Alkaline phosphatase 


Lactic dehydrogenase 


Healthy kidneys 


Renal tubular 
dysfunction 


Renal tubular 


dysfunction Healthy kidneys 


Coefficient 
of variation 
between 
individuals 


Coefficient of 
variation within 
Structure analyzed individuals* 


variation within 


Coefficient 
of variation 
within 
individuals 


Coefficient 
of variation 
between 
individuals 


Coefficient of 
variation within 
individuals 


Coefficient of 


individuals 


65.3 
(42.9-100) 


28.1 
(16.4-36.0) 


Glomeruli 35.4 


15.8 


Proximal convolutions 


18.5 


Distal convolutions 


48.8 
(28.1-65.2) 


* Figures in parentheses indicate the range. 


kidneys was as homogenous in this respect as was 
that of healthy kidneys. There was greater varia 
tion of alkaline phosphatase activity in individual 
abnormal than in individual healthy kidneys. This 
was due, at least in part, to the fact that the al- 
kaline phosphatase activities were low in the ab- 
norma! kidneys, and the readings obtained were 
very close to those of the blanks (2). 

Alkaline phosphatase and tubular reabsorption 
of glucose. It has been suggested by some in- 
vestigators that alkaline phosphatase plays a sig- 
nificant role in the reabsorption of glucose from the 
glomerular filtrate by the proximal convolution (4, 
5). If this were so, the alkaline phosphatase ac- 
tivity of the proximal convolution might be ex- 
pected to be low in renal glycosuria. In the single 
patient with familial renal glycosuria studied, the 
alkaline phosphatase activity in the proximal con- 
volution was decreased to approximately 50 per 
cent of that found in proximal convolutions from 
healthy kidneys. The decrease of alkaline phos- 


TABLE IV 


The effect of phlorhizin on the alkaline phosphatase and 
lactic dehydrogenase activity of the proximal 


Before 


Enzyme phlorhizin phlorhizin p 


Alkaline phosphatase 20.64 3.1 26924163 0.29 
[9] [11] 


192 +28 0.67 


Lactic dehydrogenase 215 + 38 
[10] [11] 


* Total number of tissue fragments analyzed is givenin 
brackets. 


75.4 
(10.0-125.0) 


20.4 22.4 

(9.9-39.6) 
15.2 

(4.8-24.8) 


31.9 
(17.9-53.6) 
20.4 

(8.4-34.4) 


21.9 
(12.0-36.9) 


36.2 15.9 
(11.6-74.1) 


75.3 
(34.3-179.0) 


17.4 21.4 
(10.7-48.0) 


phatase activity was of a similar magnitude in 
patients with lupus nephritis (10), none of whom 
had glycosuria. Moreover, in three patients with 
hypophosphatasia there was no glycosuria and the 
alkaline phosphatase activity was only 3.5 to 9.5 
per cent of that found in healthy proximal convolu- 
tions. Unless an alternate pathway for glucose 
reabsorption can be invoked for patients with 
hypophosphatasia, these facts exclude the possibil- 
ity that alkaline phosphatase plays a key role in 
the tubular reabsorption of glucose. To obtain 
further confirmation, glycosuria was produced in 
the dog by injection of phlorhizin. Table IV 
shows that there was no significant difference in 
the activity of this enzyme before and after injec- 
tion of phlorhizin, so that phlorhizin-induced glyco- 
suria is not mediated by way of inhibition of 
alkaline phosphatase. : 


SUMMARY 


1. Alkaline phosphatase and lactic dehydrogen- 
ase (LDH) activities were measured quantita- 
tively in the various anatomical and functional 
parts of the nephrons from healthy kidneys and 
from the kidneys of six patients with diseases 
affecting the renal tubules: familial renal glyco- 
suria, phosphate-losing renal tubular disease, 
cystine storage disease, and adult Fanconi syn- 
drome. 

2. Alkaline phosphatase activity was decreased 
in the convoluted tubules in all diseases studied 
except in cystine storage disease. LDH activity 
was decreased only in two of the three cases of 
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adult Fanconi syndrome and in a child with cystin- 
osis and the Fanconi syndrome. A parallel de- 
crease of both enzymes was observed in two of 
the patients with adult Fanconi syndrome. 

3. The kidneys of three patients with hypophos- 
phatasia were also studied. None had glycosuria. 
The extremely low level of alkaline phosphatase 
activity found in the proximal convolutions indi- 
cates that this enzyme does not play a key role in 
glucose reabsorption. This was confirmed by the 


observation that prolonged phlorhizin-induced gly- 
cosuria did not affect the level of alkaline phos- 
phatase activity in the proximal convolution of 


the dog. 
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The natural history and histological development 
of lupus nephritis have been studied in detail in 
our laboratory (1, 2). The glomeruli were more 
severely involved histologically than were the tu- 
bules at all stages of development of lupus nephri- 
tis. In the early stages (lupus glomerulitis) the 
histological abnormalities were confined to the glo- 
meruli. Only when the glomerular involvement 
became considerably more severe was there histo- 
logical evidence of tubular degeneration and inter- 
stitial fibrosis and inflammation (lupus glomerulo- 
nephritis). Even in lupus glomerulonephritis, 
histological abnormalities of the tubules and inter- 
stitial tissue were considerably less severe than in 
other types of glomerulonephritis. These histo- 
logical observations were reflected functionally, in 
that ability to concentrate the urine and to excrete 
phenolsulfonphthalein were preserved until com- 
paratively late in the disease. 

In a previous paper of this series (3) the alka- 
line phosphatase and lactic dehydrogenase (ILDH ) 
activities of individual anatomical and functional 


units of the nephron were reported for healthy 


kidneys, and fer a variety of diseases which affect 
primarily the renal tubule, i.e., diseases associated 
with a functional imbalance between tubules and 
glomeruli. In this paper, the results of assays of 
the activities of these two enzymes will be reported 
for lupus nephritis—a disease in which there ap- 
pears to be histological and functional imbalance 
between glomeruli and tubules. 


* Supported by a grant from the Surgeon General’s 
Office, U. S. Army (Contract no. DA-49-007-MD-637). 

+ Established Investigator, American Heart Associa- 
tion, supported by the Illinois Heart Association. 


MATERIAL AND METHODS 
Clinical material 


A total of 19 kidney specimens was analyzed for alka- 
line phosphatase and LDH activity. Eighteen specimens 
were taken by percutaneous renal biopsy (4), and 1 speci- 
men was obtained at autopsy. Nine specimens were 
analyzed on 4 patients, studied serially, and a biopsy and 
autopsy specimen were taken from 1 patient. 

An independent and detailed histological analysis was 
made on each specimen according to the methods pre- 
viously described (1). On the basis of this analysis the 
specimens assayed for enzyme activity were divided into 
the following groups. 

1. Lupus glomerulitis (5 biopsies). This term was 
used to indicate a proliferative and/or membranous lesion 
of the glomerular tufts in the absence of significant tu- 
bular damage or changes in the interstitial tissue (1). 
The glomeruli were involved to a mild degree in all five. 

2. Lupus glomerulonephritis (12 biopsies). This term 
was used to indicate a more severe membranous and/or 
proliferative lesion of the glomeruli, associated with def- 
inite tubular and interstitial tissue changes (1). The 
kidneys with lupus glomerulonephritis were subdivided 
into two groups as shown below. 

a) Active lupus glomerulonephritis (5 biopsies). Def- 
inite morphologic evidence of activity was observed in 
the glomerular lesions, i.e., one or more of the following 
histological features was prominent: local necrosis, 
karyorrhexis, hematoxyphil bodies, fibrinoid “hyaline” 
thrombi, and “wire loops” (1, 2). Two of the five 
patients were receiving prednisone (15 and 20 mg daily) 
when the biopsy was taken; the other three had not 
been treated. 

b) Healed or healing lupus glomerulonephritis (7 bi- 
opsies). Thickening of the glomerular basement mem- 
brane was the predominant lesion found in these biopsies, 
all or most of the active lesions present in previous 
biopsies from the same patients having disappeared. The 
abnormalities found in the tubules and interstitial tissue 
were similar to or less severe than those found in active 
lupus glomerulonephritis (2). All the patients had been 
treated with large doses of prednisone (40 to 60 mg 
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daily) for at least 6 months before the renal biopsies 
were taken (2). 

One biopsy and an autopsy specimen from a single 
patient were considered separately because, in addition 
to healing lupus glomerulonephritis, there was partial 
occlusion of both renal arteries with consequent ischemic 
changes in the kidneys. 


Ensyme assays 


The techniques for handling the tissues and for dissec- 
tion and weighing of the individual units of the nephron 
have been described (5). The dissected fragments were 
assayed for alkaline phosphatase activity and for LDH 
activity, under conditions found to be optimal for the 
human kidney (5, 6). Results were expressed in moles 
of substrate split or moles of DPNH oxidized per hour 
at 37° C per kilogram dry weight of tissue (MKH units). 


Glomerular weight and density 


In the course of dissecting and weighing glomeruli for 
enzyme assay we observed that glomeruli from kidneys 
with lupus nephritis appeared to be both larger and 
heavier than glomeruli from normal kidneys. A statis- 
tical comparison was therefore made of the weights re- 
corded on 130 glomeruli from normal adult kidneys and 
234 glomeruli from kidneys involved with lupus nephritis. 
In addition, the diameters of the glomeruli from each 
specimen were measured on the stained control sections, 
using a microscope with a projection viewer. Two meas- 
urements were made at right angles to each other on each 
glomerulus, to obtain an average diameter. Ten glo- 
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meruli from each kidney were measured to give an aver- 
age glomerular diameter for each kidney. The segments 
of glomeruli which were weighed had been dissected out 
from 16 uw sections and all were spherical segments close 
to the meridians of the tufts. The polar segments and 
those near the poles were specifically excluded (the terms 
“pole” and “meridian” refer to the plane of the section). 
The ratio of glomerular weight to the square of glomer- 
ular diameter was calculated as an index of the density 
of the glomeruli. 


RESULTS 


The results of assays for alkaline phosphatase 
and LDH activities are given in Tables I and II. 

Alkaline phosphatase activity was within normal 
limits in the glomeruli of patients with lupus ne- 
phritis (Table I). However, the alkaline phos- 
phatase activity was considerably decreased in the 
proximal convolutions (¢ = 7.3, p = < 0.001) and 
in the distal convolutions (¢ = 6.36, p= < 0.001). 
These differences were found both in lupus glo- 
merulonephritis (active and healing) and in lupus 
glomerulitis, in which the tubules were normal 
histologically. 

LDH activity in lupus nephritis was not sig- 
nificantly different from that found in healthy 
kidneys (Table I1), except in the case of the 
proximal convolutions in which the activity was 


slightly higher (t = 2.82, p = < 0.02). However, 


TABLE 1 
Alkaline phosphatase activity in the anatomical units of nephrons from healthy kidneys and from kidneys of patients with 


lupus nephritis (expressed in moles of substrate split per kilogram dry weight of t 


issue per hour at 37° C) * 


Healthy adult 
kidneys 
Structure analyzed 6 


Lupus 
glomerulitis 
2 


Lupus glomerulonephritis 

All lupus 

nephritis 
M4 


Active Healing 
5 7 


0.48+0.17 
5 [36] 


5.70-+40.90 
5 [40] 

2.70-+0.50 
6 [40] 


Glomeruli 

Proximal convolutions 
Distal convolutions 
Degenerated convolutions 


2.84 
0.80-+0.20 
2 [il] 
1.70+0.89 
2 [15] 


1.2040.70 
5 [25] 


Medullary rays 


Medulla (outer and inner 
medullary zones) 


Papilla 
Small artery 


fragments analyzed is given in brackets. 


0.46+0.15 
2 [13] 
1.98-40.33 
2 [16] 


1.05 40.48 
2 [12] 


1.15-+0.08 
2 [14] 


0.80 
1 1] 


0.51-40.25 
14 [81] 
2.45+0.72 
14 [124] 
1.1740.55 1.11-40.54 
7 [35] 14 [68] 
2.12+0.65 3.01+1.62 
2 [il] 3 [15] 
2.19+1.02 1.754£1.01 
6 [28] 10 [53] 
0.9440.45 0.72+0.37 
2 [31] 4 [55] 
0.77 0.61+0.21 
1 [7] 2 [14] 
0.42 40.26 0.5240.35 
6 [31] 11 [48] 


0.54+0.31 
7 

2.61+0.89 

7 


0.50+40.27 
5 [27] 
2.41+0.62 
5 [46] 
1.05+0.69 
5 [21] 
4.80 
1 [4] 
1.05+0.94 
2 [11] 
0.50+0.13 
2 [24] 
0.44 
1 [7] 
0.61+0.48 
4 [16] 


* Mean values and standard deviations are given for the averages of each kidney analyzed. ‘Total number of tissue 


t Number of kidneys analyzed in each group is shown in italics. 
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TABLE II 


lupus nephritis (expressed in moles of DP NH oxidized per kilogram 


Healthy adult 
kidneys 
Structure analyzed 7 
108 + 22 
6 [46] 
257+ 41 
7 [55] 


256 + 44 
7 [49] 


Proximal convolutions 
Distal convolutions 
Degenerated convolutions 


231 + 25 
3 [25] 4 
165 + 21 
3 [22] 
175 + 82 
3 [8] 

131 + 61 
6 [31] 


Medullary rays 

Medulla (outer and inner 
medullary zones) 

Papilla 

Small artery 


fragments analyzed is given in brackets. 


Lupus 
glomerulitis 


207 + 32 
4 [35] 


225 + 62 
4 [27] 


204 + 36 
[27] 2 


45 + 38 
3 [20] 


Lupus glomerulonephritis 


All lupus 
nephritis 
14 


Active "Healing 
4 7 


129 + 22 
4 [22] 


352 + 30 
4 [26] 


338 + 63 
4 [20] 


294 + 30 


120 + 37 
15 [89] 
319 + 86 
15 [109] 
321 + 114 
14 [87] 
306 + 162 
6 [33] 
276 + 90 
[72] 
230 + 17 
[41] 
178 + 67 
2 [11] 
98 + 58 
[61] 


136 + 38 
7 [41] 
364 + 78 
7 [48] 
374 + 128 
6 [40] 
313 + 167 
2 [9] 4 [24] 
312 + 34 320 + 101 
[13] 5 [32] 
212 239 + 12 
1 [12] 2 [29] 3 
130 225 
1 1 [6] 
171 + 13 100 + 48 
2 [it] 6 [30] 


* Mean values and standard deviations are given for the averages of each kidney analyzed. Total number of tissue 


t Number of kidneys analyzed in each group is shown in italics. 


significant differences were evident when the kid- 
neys with lupus nephritis were subdivided, on the 
basis of the histology, into lupus glomerulitis and 
lupus glomerulonephritis. In lupus glomerulitis 
the LDH activity was slightly, but not. signifi- 
cantly, less than that found in healthy kidneys. 
However, the LDH activity of proximal convolu- 
tions was increased significantly above normal, 
both in active (t = 4.4, p = < 0.01) and in healing 
lupus glomerulonephritis (¢ = 3.22, p= < 0.01). 
The activity in the distal convolutions was in- 
creased slightly above normal, but the differences 
were of questionable significance (active, t = 2.31, 
p = < 0.05; healing, ¢= 2.15, p= 0.05). No dif- 
ferences were observed between the LDH activity 
in the nephron in active and in healing lupus 
glomerulonephritis. 

From these data it will be noted that there were 
significant differences between the enzyme activ- 
ities in lupus glomerulitis and lupus glomerulo- 
nephritis, and this was found for all units of the 
nephron analyzed. There was virtually no overlap 
between the activities found in these two groups 
(glomeruli, t = 4.26, p = < 0.001; proximal con- 
volutions, t = 6.34, p = < 0.001; distal convolu- 
tions, t = 3.04, p= < 0.02; medullary rays, ¢ 
= 3.16, p = < 0.02). An analysis of variance (7) 


was also done in order to assess the significance 
of the variations within the three subgroups of 
lupus nephritis. This showed that the differences 
between the mean activities for the three groups, 
taking into account the individual variation within 
each group, were significant in the case of the 
glomeruli (F = 4.19, p = < 0.05), highly signif- 
icant in the case of the proximal convolutions 
(F = 11.2, p= < 0.01), but not significant for 
the distal convolutions (F = 2.85, p= > 0.05). 

Effect of ischemia on enzyme activity. The data 
from one patient with healing lupus glomerulo- 
nephritis, studied on two occasions, are not in- 
cluded in Tables I and II. In addition to lupus 
nephritis an old thrombosis was present in the 
aorta of this patient, extending to the bifurcation 
and partially occluding the renal arteries. Histo- 
logically, there was evidence of patchy, severe 
ischemic changes in addition to the lesions of lupus 
glomerulonephritis. The enzyme activities in the 
glomeruli and convoluted tubules of this patient 
are given in Table III. In the nonischemic 
nephrons the levels of activity of both enzymes 
were comparable with those found in other cases 
of lupus glomerulonephritis, whereas extremely 
low enzyme activities were found in_ severely 
ischemic nephrons. 


ae hs Lactic dehydrogenase activity in the anatomical units of nephrons from healthy kidneys and from kidneys of patients with 
weight of tissue per hour at 37° C)* 
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Results of assay of alkaline phosphatase and lactic dehydrogenase activities in the nephrons from a patient with healing 
lupus glomerulonephritis and severe vascular ischemia (expressed in moles of substrate split 
whe tissue hour at 37° C) * 


Alkaline phosphatase 


Lactic dehydrogenase 


Completely 
hyalinized 


Severely 
ischemic 
Structure 


0.18 +0.07 0.14 + 0.05 
(4] [11] 


0.34 + 0.105 
[6] 


Glomeruli 


Convoluted tubules 0.48 + 0.23 


Nonischemic 


0.45 + 0.38, 
[2] 


3.26 + 0.29 
[8] 


ompletely 
hyalinized 
nephrons 


Severely 
ischemic 
nephrons 


Nonischemic 


132 + 10.3 
[4] 


3364138 803 41.71 
[5] [6] 
250 + 16.1 
[12] 


are as means with error of the means, and the of zed is in brackets. 


Variability of the observations. The coefficients 
of variation for alkaline phosphatase and LDH 
activities are shown in Table 1V. The coefficient of 
variation between healthy individuals was smaller 
than that within healthy individuals, an observation 
which was also made in studies on normal animals 
(5, 6). The same was true for lupus nephritis. 
The variation of alkaline phosphatase activity 
within individuals with lupus nephritis was greater 
than within healthy kidneys. The variation in LDH 
activity from nephron to nephron was similar to 
that found in the normal. The average variation 
from kidney to kidney within each histological 
subgroup of lupus nephritis was somewhat greater 
in the case of alkaline phosphatase activity than the 
variation from healthy kidney to healthy kidney. 
No such difference was found in the case of LDH 
activity. 

Effect of prednisone on enzyme activity. Most 
of the renal biopsies assayed were taken from pa- 


tients who were being treated with prednisone. 
The patients with healing lupus glomerulonephritis 
were receiving an average dose of 50 mg predni- 
sone daily, whereas most of those with lupus 
glomerulitis and with active lupus glomerulone- 
phritis had not been treated with steroid hormones 
or drugs, or were being treated with lower doses 
of prednisone (approximately 15 to 20 mg per 
day). In order to examine the effects of predni- 
sone on the enzyme activity of the nephron, an 
experiment was done on rats. Renal biopsies were 
taken from four adult Sprague-Dawley rats, weigh- 
ing an average of 327 g. Each rat was then in- 
jected intramuscularly with prednisolone, 1 mg 
daily, for 14 days, and was then sacrificed. En- 
zyme assays were made on the glomeruli and on 
the proximal and distal convolutions of the tubules 
from the biopsy and autopsy specimens of the 
same rat. The results are shown in Table V. 
It is evident that prednisolone in this dosage— 


TABLE IV 


Coefficient of variation for alkaline phosphatase and lactic dehydrogenase activity in healthy kidneys 
and in kidneys with 


Alkaline phosphatase 


Healthy kidneys s 


Coefficient 
of variation 
between 
individuals 


Coefficient 
of variation 
within 
individuals* 


Structure 
analyzed 


L upus nepheltis 
Coefficient 
of variation 

tween 
individuals 
within 
each group 


Coefficient 
of variation 
within 
individuals 


Glomeruli 35.4 


65.3 
(42.9-100) 
28.1 
(16.4-36.0) 


48.8 
(28.1-65.2) 


15.8 


Proximal 
convolutions 

Distal 
convolutions 


18.5 


* The range is given in parentheses. 


76.6 
(18-165) 


48.3 
(13-92) 


62.1 
(23-113) 


48.3 


25.6 


53.0 


Lactic dehy drogenase 


Healthy kidney 


“upUs nephritis 


Coefficient 
of variation 
within 
individuals 


of variat 


“3h 9 20.4 
(17.9-53.6) 


20.4 
(8.4-34.4) 


21.9 
(12.0-36.9) 


15.9 


17.4 


Coefficient 


between 
individuals 


coefficient 
of variation 
between 
individuals 
within 
each group 


Coefficient 
ion of variation 
within 
individuals 


21.5 
(6-48) 


18.6 
(8-34) 


27.3 
(12-46) 
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TABLE V 
The effect of prednisolone, 1 mg daily for 14 days, on alkaline phosphatase and lactic dehydrogenase 


Rat 1 Rat 2 


activity in the individual anatomical units of nephrons of the rat * 


Rat 3 Rat 4 


Structure Before After Before 


After Before After Before After 


analyzed prednisolone prednisolone prednisolone prednisolone prednisolone prednisolone prednisolone prednisolone 


Alkaline phosphatase 


Glomeruli 2.6640.56 2.4140.11 5.124+0.81 3.9841.08 1.544040 2.04+0.23 4.02+0.89 3.70+0.69 
[7] [6] [8] [11] [6] [6] [6] [S] 

Proximal 21.641.87 15.841.46 24.242.09 21.641.72 8.1140.91 9.4741.10 19.741.16 23,342.84 
convolutions [13] [7] [10] [6] [7] [6] [7] [8] 

Distal 1.5140.51 2.394042 1.8640.61 1.7440.52 1.524+0.29 1.784040 1.8141.24 2.61+0.75 
convolutions [6] [7] [12 [13] [5] [7] [7] [7] 

Lactic dehydrogenase 

Glomeruli 76.743.27 83.546.50 77.344.78 70.8411.7 78.0412.1 78.04+0.74 77.348.45 71.5+19.5 
[6] [6] [6] [S] [7] [6] [7] (S] 

Proximal 128+12.2 115+6.44 16048.45 137414.0 11944.65 134+7.94 112+13.7 132+13.5 
convolutions [12] [12] [7] [5] [7] [6] [7] [6] 

Distal 364436.2 268435.4 3504364 342421.8 29747.96 3894168  330426.2 285+452.3 
convolutions [5] [7] [6] [6] [5] [7] [7] [34 


* Results, expressed in MKH units, are means with standard errors. The number of fragments of tissue analyzed 


is given in brackets. 


which, on a weight for weight basis, is approx- 
imately four times that used in the patients—had 
no significant or consistent effect on the enzyme 
activity of the glomeruli or convoluted tubules. 
The weights, diameters and derived densities of 
the glomeruli from healthy kidneys and from kid- 
neys with lupus nephritis are given in Table VI. 
The impression that glomeruli of lupus nephritis 
were heavier than glomeruli from healthy kidneys 
was confirmed ; they were 40 per cent heavier than 
those of healthy kidneys and the difference was 
significant statistically (t = 3.6, p= < 0.01). The 
heaviest glomeruli were found in the group with 


active lupus glomerulonephritis. The diameter of 
the glomeruli was increased significantly only in 
the group with active lupus glomerulonephritis (1 
= 3.28, p= < 0.01). The density index of the 


glomeruli 


glomerular diameter (microns)? 

was somewhat increased in lupus nephritis, as 

compared to the normal, but this difference was 

not statistically significant (t = 2.01, p = > 0.05). 

The greatest wensity was found in healing lupus 

glomerulonephritis. 


TABLE VI 
The weights, diameters and density of glomeruli from healthy kidneys and from kidneys of patients with lupus nephritis * 


Lupus glomerulonephritis 


All lupus 
Healthy kidneys Lupus glomerulitis Active Healing nephritis 
Glomerular weight (mug) 42.1 + 7.81 56.8 +13.82 66.5 +18.62 55.9 +17.30 59.3 +16.49 
9+ [130] 5 [51] 5 [82] 7 [101] 17 [234] 
Glomerular diameter (,) 179.8 +16.4 196.0 +27.3 204.5 +11.6 179.6 +10.6 191.7 +19.7 
9 [90] 5 [50] 5 [50] 7 [70] 17 [170] 
Glomerular densityt 1.324 0.29 1.57+ 0.66 1.59+ 0.41 — 0.65 — 0.55 
9 5 2 1 


analyzed is given in brackets. 
+t Number of kidneys analyzed is given in italic type. 


t The density index of the glomeruli = 


glomerular weight 
glomerular diameter? 


* Values are expressed as means with standard deviations of the means for each kidney. Total number of glomeruli 
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DISCUSSION 


Alkaline phosphatase activity was found to be 
decreased in the proximal and distal convolutions 
of the tubules in patients with lupus nephritis, but 
the level of enzyme activity was not related to the 
presence or severity of morphologic changes in the 
tubules. The alkaline phosphatase activity of the 
glomeruli was within normal limits, and there 
were no apparent effects of glomerular damage of 
varying severity on tne level of enzyme activity 
found. The coefficient of variation of alkaline 
phosphatase activity from nephron to nephron in 
the same kidney was greater for lupus nephritis 
than for healthy kidneys. However, this was al- 
most certainly due, at least in part, to technical 
artifact, particularly in the abnormal kidneys ana- 
lyzed, for alkaline phosphatase activities in them 
were close to those of the blanks (3, 5). 

By contrast, LDH activity was 
slightly, but not to a significant degree, only in lu- 
pus glomerulitis; whereas there was a slight but 
Statistically significant increase in the activity of 
this enzyme in the glomeruli and throughout the 
tubules in lupus glomerulonephritis. The differ- 
ences between enzyme activity in lupus glomeru- 
litis and lupus glomerulonephritis were statistically 
significant in the glomeruli and proximal convolu- 
tions of the tubules. Thus, there was an inverse 
relationship between LDH activity and histologi- 
cal evidence of degeneration of the proximal and 
distal convolutions. 

These differences were not related to the pres- 
ence or degree of renal functional impairment: in 
lupus glomerulonephritis the average specific 
gravity concentration was 1.020; the average 
creatinine clearance was 76 ml per minute; the 
average urea clearance was 56 per cent of average 
normal renal function; and the average phenolsul- 
fonphthalein excretion in 15 minutes was 28 per 
cent. None of these patients excreted excess glu- 
cose, phosphate or amino acids in the urine. 

The differences in LDH activity did not appear 
to be related to the dosage of prednisone used to 
treat these patients. The patients with healing 
lupus glomerulonephritis were receiving large 
doses of prednisone, whereas both those with lupus 
glomerulitis and those with active lupus glomeru- 
lonephritis were untreated, or were being treated 
with small doses of prednisone. Moreover, no 


decreased 


ENZYME ACTIVITIES IN LUPUS NEPHRITIS 


1399 


significant or consistent effect on enzyme activity 
was observed when prednisolone was injected into 
rats. 

Glomerular damage in lupus nephritis precedes 
the appearance of significant structural changes in 
the convoluted tubules. The morphologic changes 
in the glomeruli may be very severe before defi- 
nite tubular damage is evident—in this respect, lu- 
pus nephritis differs from many other renal dis- 
eases such as glomerulonephritis and pyelonephri- 
tis. This could result in a physiological situation 
in which the renal tubules, particularly the proxi- 
mal convolutions, perform increased work in re- 
absorbing from the tubular lumens substances 
such as protein filtered in excess by the glomeruli, 
or in excreting other substances into the tubular 
lumens. Thus, the relative increase in LDH ac- 
tivity in lupus glomerulonephritis might be an 
enzymatic expression of the preserved function of 
these tubules and of their ability to respond meta- 
bolically to increased metabolic demands. By 
contrast, in primary renal tubular diseases, the 
LDH activity of the convoluted tubules was nor- 
mal in the presence of mild tubular abnormalities 
and was significantly decreased when the tubules 
were severely damaged (3). The view that the 
tubules in lupus glomerulonephritis are capable 
of responding to increased metabolic demands 
would be consistent with the hypothesis of Platt, 
namely, that in chronic renal disease residual 
functioning nephrons may be capable of normal 
activities and even of functional adaptations which 
may result in an increase of work done per resid- 
ual functioning nephron (8). The view of Platt 
has gained considerable support from the studies 
of Bricker, Morrin and Kime on the adaptive 
changes in residual nephrons of dogs with experi- 
menal unilateral renal disease (9). Their investi- 
gations strongly suggest that the surviving neph- 
rons in diseased kidneys function normally, and 
that specific functional sites are not selectively 
destroyed in different nephrons, a condition which 
would result in great functional differences from 
nephron to nephron. 

In our studies the coefficient of variation of 
LDH activity from nephron to nephron in the 
same kidney was similar for healthy kidneys and 
for lupus nephritis (Table IV), suggesting that 
the nephron population examined in lupus nephri- 
tis was as homogenous with respect to LDH ac- 
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tivity as was the nephron population of healthy 
kidneys. The only exception to this was in the 
case of grossly ischemic and probably nonfunction- 
ing nephrons (Table III) in which the LDH 
activity was extremely low. 

The relationship between the histology of the 
glomeruli and their weight, diameter and density. 
In lupus nephritis fibrinoid and hyaline materials 
are deposited on the endothelial surface of the 
glomerular basement membrane, and there is fre- 
quently an increase of both endothelial and epi- 
thelial cells. A wide variety of other changes also 
occurs in the glomeruli (2). The finding that the 
weight of glomeruli was 40 per cent greater in lu- 
pus nephritis than in healthy kidneys was con- 
sistent with these histological observations. The 
most severe and most widespread _ histological 
changes were seen in active lupus glomerulo- 
nephritis, in which condition the glomeruli were 
heaviest, and were found to have the greatest di- 
ameter. The densest glomeruli, however, were 
found in healing iupus glomerulonephritis. In 
healing lupus glomerulonephritis the active glo- 
merular lesions had almost entirely disappeared, 
leaving glomeruli which had a diffusely thickened 
basement membrane as the major lesion. These 
glomeruli did not look large histologically, and 
their diameter was similar to that of healthy glo- 
meruli, but their density was greater than that of 
healthy glomeruli and of glomeruli in both the 
other groups of lupus nephritis. This was con- 
sistent with the finding of diffuse capillary base- 
ment membrane thickening. 


SUMMARY 


1. Alkaline phosphatase and lactic dehydroge- 
nase (LLDH) activities were measured in the indi- 
vidual anatomic units of the nephron in 18 biopsy 
and one autopsy specimen from 13 patients with 
lupus nephritis. 

2. Alkaline phosphatase activity was consider- 
ably less than normal in the proximal and distal 
convolutions of the tubules in lupus glomerulitis 
and in lupus glomerulonephritis. 


3. LDH activity was increased in lupus glo- 


merulonephritis but not in lupus glomerulitis. The 
variation of LDH activity from nephron to 
nephron was no greater in lupus nephritis than 
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in healthy kidneys. In this respect the diseased 
nephrons were as homogenous as healthy nephrons. 

4. The weights of 130 glomeruli from healthy 
kidneys and of 234 glomeruli from kidneys affected 
by lupus nephritis were measured. The glomeruli 
in lupus nephritis were found to be 40 per cent 
heavier than those from healthy kidneys, and 
scarred, healed glomeruli were found to be denser 
than those in which the disease was active. 
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Forster, Roughton and their colleagues (1, 2) 
have reported a method of subdividing the com- 
ponents of the pulmonary diffusing capacity by 
measurement of the apparent diffusing capacity at 
different alveolar oxygen tensions. This devel- 
opment followed preparatory work by the same 
authors (3, 4) in which the kinetic factors in- 
volved in CO and hemoglobin combination were 
reported. The principles underlying the measure- 
ments have been fully discussed by Forster in a 
recent review (5). 

Lewis, Lin, Noe and Komisaruk (6) reported 
on the measurement of pulmonary capillary blood 
volume in normal subjects, using the single breath 
method of determining the pulmonary diffusing 
capacity. They found average values of 65 ml 
for the pulmonary capillary blood volume at rest 
and 98 ml CO per minute per mm Hg for the 
membrane diffusion component. In four subjects 
both of these quantities increased somewhat dur- 
ing exercise, They did not report any results on 
patients. McNeill, Rankin and Forster (7), using 
a similar technique of measuring the pulmonary 
diffusing capacity by a single breath method, 
found similar values at rest for the pulmonary 
capillary blood volume, but a lower value for the 
membrane component, which was about 63.5 ml 
CO per minute per mm Hg in normal subjects at 
rest. These authors reported the results of this 
measurement in five patients with various types of 
pulmonary fibrosis, two with pulmonary hyper- 
tension, two with pulmonary congestion, and three 
with chronic obstructive emphysema. The most 
significant findings were the decrease in membrane 
diffusion component in patients with pulmonary 
fibrosis, and the increase generally found in pul- 
monary capillary blood volume in patients with in- 
creased pressure in the lesser circulation. 

The present study reports the measurement of 


* Supported by a grant from the National Research 
Council of Canada. 


these two components of the pulmonary diffusing 
capacity by a steady state method during exercise 
in 14 normal subjects and in a group of 22 pa- 
tients. This work was undertaken to study the 
reliability of the results obtainable with this tech- 
nique, and to explore its usefulness in investigative 
work. 


METHODS 


The apparatus used in this work has recently been de- 
scribed in full (8). A steady state measurement of dif- 
fusing capacity (DL) is made, the mean alveolar CO ten- 
sion being calculated from an assumed value of respira- 
tory dead space. Technical details and a study of the 
errors of this method have been presented previously 
(8). The determination of pulmonary capillary blood 
volume (V.) and membrane diffusion component (Dm) 
involves the measurement of the pulmonary diffusing ca- 
pacity at two different oxygen tensions. Each experi- 
ment whether on a normal subject or a patient consisted 
in the measurement of the diffusing capacity on either 
60 or 100 per cent oxygen, followed by its determination 
on air. All estimates were made during moderate or 
light exercise. 

In a typical determination, the subject attained a steady 
state on the exercise treadmill for 5 minutes, and was 
then switched into either 60 or 100 per cent oxygen for a 
further period of about 5 minutes. At the end of this 
time, without interruption of the exercise, he was con- 
nected to the inspiratory bag which contained the same 
oxygen concentration as he had been breathing, with the 
addition of approximately 0.20 per cent CO. The in- 
spired and expired gases were monitored in the manner 
described previously, and a careful note was made of the 
total time during which the subject breathed CO. The 
subject then rested on a chair, and during this time a 
sample of venous blood was drawn for the measurement 
of carboxyhemoglobin (COHb) by the technique of Law- 
ther and Apthorp (9). With the treadmill in the same 
position and at the same speed, the subject then resumed 
his exercise, the sequence of events being timed as before, 
but on this occasion he was switched into a mixture of 
air containing about 0.12 per cent CO. Following the 
determinations of the inspired and mixed expired CO 
concentrations, the oxygen uptake was calculated using 
the monitored mixed expired CO, and oxygen in the 
manner previously described (8). The total experiment 
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with the two measurements of diffusing capacity took 
about 25 minutes. Values for Di at each oxygen tension 
were not “pooled”; each experiment consisted in the 
double determination of Di followed by the calculation of 
V. and Dm values from these two points. This pro- 
cedure was followed so that the standard deviation of 
repeat determinations would provide an indication of the 
likely error of a single determination of V. and Dm 
based on one determination of Di at each oxygen ten- 
sion. A higher inspired CO concentration was used dur- 
ing the 100 per cent oxygen determination to lower the 
proportionate effect of “back pressure” of CO in relation 
to alveolar CO concentration. 


CALCULATIONS 


The pulmonary diffusing capacity was calculated from 
the Dco.a as previously described (8) except that the 
COHb correction was slightly modified. Early experi- 
ence with the method showed that the calculated values 
of V. and Dm were very sensitive to this correction, and 
it was found necessary to calculate the mean COHb dur- 
ing the exercise run, rather than to use the COHb level 
measured at the end of exercise as the pertinent value. 
This change alters the calculated Di by not more than 
one unit, but this is sufficient to affect the calculated V-. 

The corrected Di was calculated as previously described 
by Linderholm’s method (10). The circulating blood 
volume of the subject was calculated from the formulas: 


mi/min/mm Hg 


03 433 3 
mi/min/mmHg 


:02 3 
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32.18 cc per Ib in males and 32.14 cc per lb in females. 

The alveolar oxygen tension (PAo,) was calculated 
from the Bohr alveolar gas equation using a mixed ex- 
pired oxygen percentage of (100—Frco.) or (60 — 
Frco,) depending on which oxygen mixture had been used. 
During the air diffusing capacity determination the meas- 
ured mixed expired oxygen concentration was used in 
this calculation. Previous work from this laboratory 
(8) has supported the view of Asmussen and Neilsen (11) 
that the alveolar oxygen so calculated during exercise in 
normal subjects is reasonably accurate. The mean capil- 
lary oxygen tension (Pco:) was then calculated by the 
method described by Linderholm (10). A “d value” of 
2.5 (2, 3, 5) was assumed for all subjects. The function 
1/6 was calculated from the formula, 


1/6 = [ (0.0057 Peo.) ] + 0.75, 


which was derived from Figure 1 (2). 

The pulmonary midcapacity during exercise was cal- 
culated by adding half the tidal volume to the measured 
resting functional residual capacity (FRC), a technique 
shown to give a reasonably accurate estimate of this fig- 
ure during exercise (8). 

The V. and the Dm were then calculated by solving 
the equation 1/Dico = 1/6V. +1/D™ for the two deter- 
minations of pulmonary diffusing capacity at the two 
oxygen tensions. It will be appreciated that this calcula- 
tion necessarily involves the assumption that the switch 
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RELATIONSHIP BETWEEN 1/DL AND MEAN ALVEOLAR CAPILLARY OXYGEN 


TENSION (Pco:) IN SuByEcts RED OH, CJV ©, and DVB ©. The lines about the 
mean values represent the actual ranges of the observation of Di and Pco. in these 
subjects, all of whom were exercising at 3 mph on a flat surface. 
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from air to oxygen has not changed the pulmonary 
capillary bed significantly, nor altered the nature or area 
of the pulmonary membrane. 

Very accurate determinations of Di are required if 
variability in the calculated pulmonary capillary blood 
volumes and membrane components is to be avoided. 
An important precaution is the avoidance of contaminated 
CO mixtures as mentioned previously (8), and accuracy 
in the determination of COHb. The correction due to 
this factor becomes considerable if a heavy smoker is 
studied, and is more significant when he is breathing 
oxygen than air. We have found that the calculated back 
tension of CO must not be allowed to exceed more than 
15 per cent of the alveolar CO pressure if considerable 
errors in the determined value of V. are to be avoided. 
When heavy smokers are studied, the inspired CO per- 
centage may have to be increased to 0.30 per cent during 
the 100 per cent oxygen determination to keep the cal- 
culated back CO tension less than 15 per cent of the al- 
veolar CO tension. 


RESULTS 


Normal subjects. The results are shown in 
Tables I through VIII, and in Figure 1. In 
Table I are shown the physical characteristics of 
the 14 normal subjects studied, together with the 
results of resting pulmonary function tests. The 
ages of these subjects varied from 24 to 46. The 
resting pulmonary function tests were all within 
predicted limits. In Table II are shown the re- 
sults of determinations of pulmonary capillary 
blood volumes and membrane diffusion compo- 
nents in four of these subjects. At a speed of 3 
mph with the treadmill flat, a total of 20 determi- 
nations was made on these four subjects, all on 
different days, and four observations were made 
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on Subject DVB at 3 mph on a 10 per cent tread- 
mill grade. The ranges of variation together with 
the mean values are shown in this table and below 
each column are the standard deviations of the 
observations. The extreme right-hand column of 
this table shows the number of estimations done on 
100 or 60 per cent oxygen on each individual. 
The most variable results were in the determina- 
tion of V, in Subject RED. One determination 
was double another at approximately the same 
oxygen uptake and this led to the finding of a high 
standard deviation for the five observations re- 
corded. If this single result be omitted, the 
standard deviations are less than + 12.5 for the 
determination of V, on these four subjects. It is 
clear from the data that there are significant dif- 
ferences in the mean values of V, between different 
normal subjects, those, for instance, in LSB being 
uniformly and significantly lower than those in 
CJV or RED. There is less variability and rather 
less variation between individuals in the measured 
Do, and the differences in this component disap- 
pear when it is related to lung volume (DM/MC). 
The V, is still significantly different after this cor- 
rection, however (V,/MC). In Subject DVB, 
an increase in exercise resulted in a significant in- 
crease in the over-all Di on air (Dt/air), and in 
V., but there was no change in Dm. This suggests 
that the increased Di on exercise is mainly ac- 
counted for by an increase in V,, though this con- 
clusion might not necessarily be applicable to the 
transition from rest to exercise. 

In Table III, the subjects who are below 35 


Physical data and results of resting pulmonary function tests in normal subjects* 


Wt vc FRC ME% MMFR 


No. Subject Sex Age Ht 
in lbs L pA L/seé 
1 RED M 30 704 165 4.97 3.18 67 3.92 
2 CJV M 29 713 195 5.04 2.92 78 4.60 
3 FM M 28 74 205 Le 4 mf 60 6.80 
4 GW M 34 694 168 4.91 3.54 66 5.90 
5 DP M 24 723 182 5.04 3.60 71 5.00 
6 RF M 25 65 137 4.40 2.28 71 6.00 
7 JE M 31 71 186 (4.10) (3.20) 
8 DVB M 37 70 180 A Pa 92 3.41 
9 LSB M 41 663 168 3.00 3.26 58 3.50 
10 REF M 39 74 165 (4.40) (3.50) 
11 WF M 44 68 163 4.45 2.91 52 2.80 
12 JAP M 42 75 193 4.00 = S| 58 3.90 
13 REGP M 46 663 173 3.58 Le2 53 3.00 
14 JB M 45 72 2113 4.95 3.02 91 7.00 


* VC = vital capacity; FRC = functional residual capacity; ME % = closed circuit helium mixing index; MMFR 


= maximal midexpiratory flow rate. Results shown in parentheses have been predicted from the subject's height. 
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TABLE II 


Results of repeated estimates of pulmonary capillary blood volume (V-) and membrane 
diffusion component (Dy) in four normal subjects* 


Vo 2/ 
Vair 


DLco 


Subject (air) 


Dico/ No. of 
Ve DM MC estimations 


DVB 
Mean 


nN 


SD + 


Mean 
SD + 
RED 
Mean 
SD + 
CJV 
Mean 


SD + 
LSB 


Sere 


wn 

we 


NNN 
tn & G0 


wwn 
N 


Mean 


SD + 


Rone 
= 


a 


100% Ox 
60% Ov 
Total = 


aa 


WON: 


Dow 

in 


al 


100% 
60% 
Total = 


00 
ery 


100% 
60% 
Total 


in 


100% 
60% C 
Total 


100% 
60% 
Total 


* Columns 9, 10 and 11 show the values given in the preceding three columns divided by the exercise midcapacity in liters. The final column 
shows the number of estimates done on air and 100 per cent oxygen, or on air and 60 per cent oxygen on each subject. Voo =oxygen consumption; 
V02/Vair =oxygen consumption per liter ventilation; Digg =diffusing capacity of the lung for CO; MC =ventilated lung volume. 

+ Figures above and below the mean value indicate the range of observations. 


years of age have been grouped together for con- 
venience so that their data may be compared to 
those of the normal subjects over 35 years of age 
shown in Table IV. The difference in Dice be- 
tween these two groups, 37.4 in the younger and 
30.5 in the older, is significant at the 2 per cent 
level, confirming work previously reported from 
this laboratory (8). However, the differences of 


20 ml in V,. and 7.9 in Dm are not statistically sig- 
nificant in these small groups of subjects. More 
work will be required before the cause of the low- 
ered Dit with age can be confidently attributed 
either to changes in V, or Dm or both. 

Validation of the theoretical considerations un- 
derlying this technique requires that the relation- 
ship between 1/Dt and 1/6 should be linear. 


TABLE III 


Determinations of pulmonary capillary blood volume and membrane diffusion components 
on seven normal subjects below the age of 35* 


Vo 2/ 
Vair 


DLco 


Subject (air) 


Dico 


L 


38.8 
41.4 
45.3 
39.7 
30.9 
29.0 
37.0 


29.0 
37.4 
45.3 


+5.32 


25.3 
31.7 
27.8 
31.9 
22.6 
25.9 
36.2 
22.6 
Mean t 28.8 
36.2 4.79 


6. 
+4.35 +0.27 +0.57 


wr os 
oo 


SD 


o 


153 
200 


+36.1 


wwe 


— 


26.7 
43.12 


CNM 


H 


* All estimates done on exercise at 3 mph on a flat surface. 


Column headings are as in Table II. 


+ Figures above and below the mean value indicate the range of observations. 
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mph l/min I/min ml 
10% 39.3 122 x3 
32.5 81 x3 
3 Flat 35.3 96 x3 
eats 38.6 109 6 
2.34 11.1 
S37 122 9.21 31.3 11.9 O: X2 
3. ‘Flat 1.21 4.79 388 163 10.0 42.0 15.0 O: X 3 
Nes 133 417 44.0 261 11.10 67.5 19.1 = § 
Hie} 0.08 0.43 3.0 50.4 0.65 13.2 2.84 
Ete + 1.21 3.17 37.0 182 47.0 9.05 46.8 11.6 2X3 
3 1.27 4.01 41.5 200 56.8 10.3 49.4 14.0 X 2 
TIS A 138 442 468 214 67.2 11.5 52.7 16.5 = 5 
far. 0.06 0.46 4.2 12.5 8.1 1.04 2.2 2.1 
0.98 4.02 20.2 58.0 38.5 6.85 19.7 13.1 X2 
3. ‘Fiat 1.04 4.39 022.1 68 40.2 7.5 22.9 13.9 Oz X 2 
Sena 1.14 4.80 23.9 80.2 43.1 7.96 26.6 14.4 = 4 ‘ 
0.06 1.6 8.45 1.55 0.43 «24.8 5.2 
i 
Beane No. Ve Dm MC MC MC 
L/min ml ml CO/ 
min/ 
mmHg 
ee 1 21.4 163 58.2 42.0 1 7 
ao 2 25.2 200 56.8 49.5 1 H 
gee 3 26.7 199 62.3 40.5 1 
48 4 22.2 152 60.2 34.7 1 
yard 5 18.9 150 41.2 33.6 
Sane 6 15.9 104 45.0 30.2 | 
: aes 7 18.1 105 60.0 24.9 
OR 15.9 104 41.2 24.9 
21) 54.8 365 | 
62.3 49.5 
: 
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TABLE IV 
Determinations of pulmonary capillary blood and membrane diffusion components in the 
seven normal subjects above the age of 35* 
Minute . DLco V./ 
No. Subject vol Voz Vair (air) (Or) Ve DM M MC MC 
£ L/min ml ml CO/ : 
min/ 
mmHg 
8 DVB 28.4 1.21 4.26 K APY 16.7 96 66.5 9.2 25.3 17.4 
> . [S85 23.49 1.04 4.39 22.1 11.9 68 40.2 7.4 22.9 13.7 
10 REF 26.8 1.30 4.21 35:3 22.0 180 46.7 8.1 41.2 10.6 
11 WF 27.6 1.03 3.51 32.6 17.4 114 $1.7 6.9 24.4 11,1 
i2 jar 25.8 1.18 4.11 30.2 19.8 176 46.0 7.9 38.2 10.0 
13 REGP 29.5 LAT 3.83 a2 12.5 83 SoA 9.1 33.4 13.4 
14 JB 24.7 1.23 4.65 35.5 23.4 214 44.2 9.5 56.9 11.8 
23.7 1.03 351 2a4 11.9 68 33.1 7.4 22.9 10.0 
Meant 26.6 1.17 4.14 30.5 17.6 133 46.9 8.3 34.6 12.6 
29.5 1.30 4.65 585 23.4 214 66.5 9.5 56.9 17.4 
SD +1.89 +0.09 +0.28 +5.2 +4.18 +52 +9.6 +0.92 +11.2 +2.33 


* Column headings are as in Table II. 


+ Figures above and below the mean value indicate the range of observations. 


This relationship in Subjects DVB, CJV and RED 
is shown in Figure 1. The slope of the lines re- 
flects the V. component, and from the intercept, 
Dm is calculated. The general linearity of the 
points in any one individual is clear from this fig- 
ure. The values of V. and Dm calculated from 
these slopes appear in Table II. The data in 
Figure 1 have been used to predict the Dt at 
different values of Pco, in the same three normal 
subjects during hypoxia, during voluntary hyper- 


ventilation, and during CO, breathing. In Table 
V are shown the results of measurements of DL 
under these cortditions in which little deviation 
could be demonstrated from the values of Dt pre- 
dicted on the basis of Figure 1. This conclusion 
is discussed in detail later. 

Patients. In Table VI are shown the physical 
characteristics of the first two groups of patients 
studied. Group 1 consisted of three patients who 
had had various parts of the lung removed, with 


TABLE V 
Effect of hyperventilation and hypoxia during exercise at 3 mph on a flat surface 
Mean 
Inspired capillary 
Rate and oxygen% _O2 Measured Predicted 
Subject grade Experiment Ventilation Fio2 Pco2 
L/min ml CO/ 
min/ 
mm Hg 

DVB 3 mph Hypoxia 44.3 10.7 22.0 41.8 41.2 
Flat 

Hypoxia 40.5 12.4 30.9 43.5 40.6 

Hypoxia 35.6 12.8 34.9 39.4 39.7 

Hypoxia Ks 15.0 39.9 32.6 39.3 

Hyperventilation 47.5t 20.8 96.3 36.0 34.8 

5.8% CO: 48.3f 20.8 106.7 34.5 33.9 

RED 3 mph Hypoxia 37.4 11.0 29.5 52.2 42.5 
Flat 

Hypoxia 39.6 11.6 30.2 47.4 42.3 

Hyperventilation 51.3t 20.8 102.8 43.8 36.7 

5.8% COz 56.1 20.8 95.5 46.4 37.7 

CJV 3 mph Hypoxia 33.7 10.8 25.0 40.4 44.8 
Flat 

5.8% COz 113.2 40.7 


61.5t 20.8 45.0 


* This column indicates the Dico predicted for the individual at the measured Pco» (see Figure 1). 


+ See Table II for results at normal ventilations in these subjects. 
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TABLE VI 


Subject Age Ht 


No. Sex Wt vc FRC ME% MMFR Diagnosis 
in, lbs I L/sec 
Group 1 
15 M FEN F 50 654 133 1.98 1.27 39 1.80 Pneumonect. L 
16 COT M 41 693 1573 2.12 1.87 47 1.50 Pneumonect. R 
17 7 RIC F 27 684 964 1.41 2.13 33 0.52 Use of only rt. upper lobe 
Group 2 
18 A MAD F 38 65 122 Thyrotoxicosis 
19 G KOS F 32 653 120 Thyrotoxicosis 
20 F BOU M 35 64} 132 2.80 2:42 64 1°31 Atr. sept. defect 
21 I GAL F 22 63 78 2.20 2.42 60 2.70 Atr. sept. defect 
22 F ATK F 30 63} 1003 2.35 2.42 64 2:25 Pat. duct. art. 
23 T NAD M 20 69 155 Pat. duct. art. 
24 A McC M 37 71 152 1.65 3.32 34 1.10 Pat. duct. art. 
25 H WAH M 25 713 149 2.96 2.78 67 1.30 Tric. atresia 
* See Table I for details of column headings. 
a reduction in FRC as a consequence. Group 2 column and the minute volume and oxygen uptake 


consisted of a group of eight patients in all of 
whom there was reason to suppose that the pul- 
monary blood flow was abnormal; two of these 
patients had untreated thyrotoxicosis, two had 
atrial septal defects with high pulmonary blood 
flows, three had a patent ductus arteriosus with 
considerable increase in pulmonary flow in each 
case, and the last patient had tricuspid atresia 
with a reduction in cardiac output at rest as shown 
by cardiac catheterization. The results of deter- 
minations of V. and Dm on these patients are 
shown in Table VII. In each case the exercise 
managed by the patient is shown in the second 


are adjacent. The two patients who have had a 
pneumonectomy showed considerable variation in 
pulmonary capillary blood volume, though both 
values may be considered to be within half the ap- 
proximate normal range. The membrane com- 
ponents are very constant and again are about half 
the predicted normal values for these subjects. 
The membrane component in relation to ventilated 
lung volume is slightly below the predicted values 
in these patients and the V, in relation to lung 
volume appears to be normal in the first two pa- 
tients and definitely reduced in the third (Patient 
17). These findings are of some interest since 


TABLE VII 
Results of determinations of pulmonary capillary blood volume and membrane diffusion 


components in patients in Groups 1 and 2* 


Subject Diagnosis Ratet vol Voz Vair (air) (O2) Ve Du MC MC MC 
mph L/min L/min ml 

Group 1 
15 M FEN Pneumonect. L. 1.5 19.90 0.80 4.00 12.3 6.5 47 14.9 6.3 24.0 7.6 
16 J COT Pneumonect. R. 2 21.60 1.05 4.85 16.7 11.1 103 19.3 7.3 44.0 8.4 

17 V RIC Use of only rt. 

upper lobe 1.5 15.67 0.53 3.38 11.5 6.0 38 18.3 4.7 15.3 7.5 
Approx normal 3 21-31 1.0-1.9  3.5-4.8 22-45 12-27 68-200 33-66 6.9-10.5 24-56 9-17 

Group 2 
i8 A MAD Thyrotoxicosis 1.5 18.65 0.73 3.91 17.3 11.6 111 21.2 6.9 44.3 8.5 
19 G KOS Thyrotoxicosis 2 20.50 0.88 4.29 19.5 11.0 79 27.6 7A 28.9 10.1 
20 F BOU Atr. sept. defect 1.5 21.60 0.60 2.78 31.0 19.6 164 41.7 99 52.4 13.3 
21 I GAL Atr. sept. defect 2 22.65 0.55 2.43 30.2 18.6 150 41.7 10.4 51.5 14.4 
22 F ATK Pat. duct. art. 1.5 17.30 0.54 3.12 21.5 13.2 112 27.6 7.6 39.7 9.8 
23 T NAD Pat. duct. art. 2 24.85 0.97 3.90 22.7 14.1 113 30.0 6.8 34.0 9.0 
24 A McC Pat. duct. art. 1.75 35.60 1.09 3.06 21.9 13.7 109 29.0 5.5 36.3 7.5 
25 H WAH Tric. atresia 34.10 0.62 1.82 23.9 12.7 83 40.0 7.0 24.3 11.7 


* See previous tables for details of column headings. 
t All estimates done on exercise at rate shown on a flat surface. 
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TABLE VIII 
Physical data and resting pulmonary function tests in patients in Groups 3 and 4* 


No. Subject Sex Age Ht Wt vc FRC ME% MMFR Diagnosis 


in, L/sec 


Group 3 
26 M LED F 31 63 150 MS 
27 H LAP F 42 594 79 1.95 2.34 40 1.27 MS 
28 E MOF F 34 572 102 2.50 2.37 67 3.50 MS 
29 M HEA F 46 62 104 2.16 2.51 59 2.20 MS 
30 P MOL M 19 70 155 3.94 2.83 50 5.70 MS + I 

Group 4 
31 E RYL F 50 61 1174 1.45 1.58 48 1.40 DIF 
32 E St.L M 50 65 170 3.42 3.26 43 1.20 DIF 
33 V AYB F 48 64 140 1.87 1.41 59 2.40 DIF 
34 S ARN F 64 65 162 1.43 LS 59 0.75 DIF 
35 T LAV F 46 63 113 1.70 2.38 52 2.50 BS 
36 D BOU F 15 67 116 245 3.07 63 2.70 BS 


*See Table I for details of column headings. MS = mitral stenosis; MS + 1 = mitral stenosis + insufficiency ; 
DIF = diffuse interstitial fibrosis; BS = Boeck sarcoid. 


there is no evidence that the V, of the remaining Group 2 as a whole shows that there is no evi- 
lung approximates that of the two lungs, al- dence that an abnormally high or low pulmonary 
though presumably it has a high pulmonary blood — blood flow during exercise causes a change in V, 
flow. The membrane components have been uni- since all measurements of V, in this group are 
versally lowered by removal of one lung, as would within the predicted range. It is perhaps of in- 
be expected. Patients 18 to 24 may be presumed terest that the membrane diffusing components 
to have an increased pulmonary flow. The cardiac (DmM/MC) were somewhat lower than expected 
output is known to be much increased in untreated in Patients 18 and 24, which might suggest that in 
thyrotoxicosis during exercise (12), and a high some of these conditions there is an impairment 
resting pulmonary flow had been confirmed by of diffusion across the membrane resulting from 
cardiac catheterization in Patients 20 to 24. Pa- the persistent high blood flow. In Table VIII 
tient 25 with tricuspid atresia was found at cardiac are shown the physical characteristics and results 
catheterization to have a cardiac index of half the of resting pulmonary function tests in patients 
predicted value. Consideration of the results in in Group 3 and 4. Group 3 consists of four pa- 


TABLE IX 


Results of determinations of pulmonary capillary blood volume and membrane diffusion 
component in patients in Groups 3 and 4* 


Vo2/ Dico DVco Dico/ Da / 
Diagnosis Ratet vol Vo2 Vair (air) (O2) V- Du MC MC MC 


Subject 


Group 3 


26 M LED MS 1.5 19.80 0.82 4.12 26.9 17.4 152 34, 10.0 56.4 12.9 
27 H LAP MS 2 18.80 0.53 2.82 12.9 11.3 293 13.7 4.8 110.0 5.1 
28 E MOF MS 1.5 20.16 0.64 3.17 18.7 15.4 275 20. 6.9 101.5 7.6 
28 E MOF MS post op. 1.5 13.63 0.60 4.36 21.3 11.9 84 31.3 8.1 31.1 11.5 
29 M HEA MS 1 26.60 0.53 2.00 14.3 7.7 50 23.0 4.8 16.9 7.7 
30 P MOL MS, MI 2 : 0.94 4.19 x 3.8 38. 7.7 28.3 1.8 


Approx normal 3 21-31 1.0-1.9 3.5-4.8 22-45 12-27 68-200 33-66 6.9-10.5 24-56 9-17 


Group 4 


31 E RYL CDIF 1.5 15.20 0.61 4.01 8.9 7.8 21 9.4 6.0 13.7 6.3 
32 E St.L CDIF 1.75 27.80 1,13 4.07 15.2 11.4 140 17.2 3.8 35.0 4.3 
33 V AYB CDIF 2 30.00 0.69 2.30 7.9 4.8 36 10.4 4.4 19.6 5.7 
35 S ARN CDIF 0.75 24.50 0.59 2.41 6.8 3.5 20 10.4 3.3 9.8 5.0 
35 T LAV BS 1.5 20.40 0.72 3.53 17.8 6.8 36 45.9 6.4 13.0 16.5 
36 D BOU BS 2 16.55 0.77 4.66 21.1 12.0 84 30.0 8.6 34.3 12.3 


* See previous tables for details of column headings. MS =mitral stenosis; CDIF =chronic diffuse interstitial fibrosis; BS = Boeck sarcoid. 
+ All estimates done on exercise at rate shown on a flat surface, except those for Subject 36 who exercised on a surface with a 5 per cent slope. 
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tients with mitral stenosis and one with mitral 
stenosis with predominant mitral insufficiency. In 
Group 4 are four patients with chronic diffuse 
interstitial pulmonary fibrosis (in whom the diag- 
nosis has been confirmed by lung biopsy in three), 
and two patients with sarcoid of the lung (in both 
of whom the diagnosis has been confirmed by 
lung biopsy). Table IX shows the results of 
determination of V, and membrane components 
in these patients. In Patients 27 and 28, both of 
whom represented typical examples of tight mitral 
stenosis with considerable dyspnea and a reduced 
pulmonary compliance, the values of V, are high, 
and those for the Dm are low. Patient 28 was 
studied three weeks after a successful valvotomy, 
at which a very tight valve was found. On each 
occasion the level of exercise was the same, and 
there was an increase in Vo,/Vair after surgery 
from 3.17 to 4.36, in conformity with the observa- 
tions of Cotes (13),and MacIntosh, Sinnott, Milne 
and Reid (14). There was a slight increase in 


over-all Di from 18.7 to 21.3, but this small change 
masks considerable alterations in V. and DM. The 
V.. fell from 275 to 85 ml after surgery, and the 
membrane component rose from 20.5 to 31.3. Pa- 


tient 29 had the murmur of mitral stenosis, but was 
judged to be so little incapacitated that surgery 
was not indicated. The pulmonary compliance in 
this patient was within normal limits (0.190 L 
per cm H,QO). It is of particular interest, there- 
fore, that the V. was normal, although there was a 
slight reduction in DM. In Patient 30, who had 
predominant mitral incompetence, the values for 
V..and Dm were within normal limits. 

In Group 4 the changes are those one would 
expect to find in patients whose main difficulty is 
the transfer of oxygen across the pulmonary mem- 
brane. The Dm is reduced in all patients in the 
pure pulmonary fibrosis group (Patients 31 to 34), 
and the extent of this reduction can be seen from 
comparison of Dm in relation to ventilated lung 
volume in the last column. The values found in 
these four patients vary between 4.3 and 6.3 for 
this figure (Dm/MC) whereas the normal range 
is from 9 to 17, approximately. Patients 35 and 
36, with sarcoidosis, show considerable variation, 
the former having a normal Dm but a low value 
of V., and the latter having a normal V, and a 
nearly normal Dm. These variations in this con- 
dition are to be expected, and the low V,. found in 
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Patient 35 may reflect the fact that the main brunt 
of the lesion has been perivascular, as has been 
suggested by a number of authors (15, 16) for 
this condition. It is of interest, however, that the 
considerable difference in V,. between these two 
patients is not reflected by much difference in the 
over-all DL. 


DISCUSSION 


The data so far reported on the subdivision of 
the pulmonary diffusing capacity into its two com- 
ponents have been obtained by use of a single breath 
method (5-7). Apart from the objection that the 
holding of a deep breath may modify the quanti- 
ties it is desired to measure, the single breath is 
difficult to manage during exercise. It is now 
generally recognized that the mean alveolar CO 
tension may be reliably measured during exercise 
in a steady state experiment, at least sin subjects 
with normal gas distribution (8). 

The present studies show that the components 
of pulmonary diffusion capacity may be reliably 
measured by this technique during steady state ex- 
ercise, and the theoretical work of Forster and his 
colleagues has been confirmed by the demonstra- 
tion under these conditions of a linear relationship 
between 1/Dt and 1/6 (see Figure 1). It seems 
likely that the differences in the rate of gas dif- 
fusion between individuals at the same rate of ex- 
ercise are mainly attributable to variations in the 
V... The Dm, when expressed in relation to the 
volume of lung being ventilated, appears to be 
relatively constant in normal subjects at the same 
exercise level. The relative importance of these 
two factors is well illustrated by comparison of 
normal Subjects 2 and 6 in Table III. At the 
same exercise rate, the over-all DL was 12 units 
greater in Subject CJV; V. in CJV was approxi- 
mately twice that in Subject 6, yet the Dm ex- 
pressed in relation to lung volume was only 1 unit 
different between these two subjects. There was 
a large difference in V. expressed in relation to 
the ventilated lung volume illustrating that the 
principal difference between these two subjects lay 
in this component rather than in the membrane 
component. Although these two subjects were the 
same age (see Table I), there was a 6 inch differ- 
ence in height and a 60 pound difference in weight 
between them. There was only a 600 ml differ- 
ence in vital capacity and a 700 ml difference in 
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FRC. The constancy of the results obtained in 
duplicate estimates of V. and membrane com- 
ponents in the present study (Table Il) may be 
compared to that reported by Lewis and associ- 
ates (6) using the single breath technique. His 
data show less variation in V, on repeat deter- 
minations, but the Dm showed more variation than 
that found in the present study. The reason for 
these differences is not altogether clear, but may 
reside in the errors inherent in the two techniques. 

It may be pointed out, however, that provided 
the tidal volume is comparable during the two de- 
terminations of Di, the value assumed for the 
respiratory dead space exerts no effect on the cal- 
culated V.. Consequently, with a steady state 
technique of the type used, this subdivision of the 
Dt may be more reliably measured than the cal- 
culated Dm, which is affected by the value as- 
sumed for the dead space. 

Ross, Frayser and Hickam (17), using the 
Filley method of calculating the mean alveolar 
CO tension, reported large increases in Di¢o with 
hyperventilation. These authors also suggested 
that much of the increase in Dieo on exercise 
is to be attributed directly to the ventilation change. 
The data in Table V indicate that the observed 
values of Dice under conditions of hypoxia, vol- 
untary hyperventilation, or CO, breathing, differ 
little from those that would be predicted for the 
individual concerned at the particular alveolar 
oxygen tension obtaining during the experiments. 
In only one subject (RED) did the observed val- 
ues fall consistently above the predicted figures. 
No effect was demonstrable in the other two sub- 
jects. These results suggest that during exercise, 
neither hypoxia nor an increase in ventilation per 
se, causes any consistent or considerable alteration 
in the state of the pulmonary bed. The discrep- 
ancy between these observations and those of 
Ross and co-workers (17) and Turino, Brand- 
fonbrener and Fishman (18), are not readily ex- 
plained. Both authors reported striking increases 
in Dt during hyperventilation when the alveolar 
CO tension was computed from the measured ar- 
terial CO, tension. Such increases are not found 
if the end tidal CO is directly measured or if the 
mean alveolar CO is calculated, using a predicted 
value of respiratory dead space. 

Forster (5) considered that anoxia might well 
change the pulmonary capillary bed, but if this 
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were the case, the observed DLeo in Table V under 
these conditions might be measurably greater than 
that predicted on the basis of the linear relationship 
shown in Figure 1. The precision of the data in 
Figure 1 in respect to these three normal subjects 
suggests that the line of observed relationship be- 
tween 1/Dt and 1/6 can be extrapolated confi- 
dently to cover low oxygen tensions, though 6 
values may not be reliable at capillary oxygen ten- 
sions below 150 mm Hg (2). The finding of 
little discrepancy between observed and predicted 
figures indicates that the effect of anoxia is prob- 
ably slight, at least in short-term experiments on 
exercise, but more precise conclusions cannot be 
drawn from the data at this stage. 

The study of the 22 patients in the present series 
leads to the following general conclusions. 

1. When portions of the lungs are removed, 
Do is proportionately reduced. The V. of the 
remaining lung seems variable. The general 
result is that the over-all Di is about that predicted 
for one lung, as was found in previous studies of 
McIlroy and Bates (19) and Linderholm (20). 
There does not appear to be any considerable in- 
crease in the V, of the remaining lung in relation 
to its gas volume, although presumably the pul- 
monary blood flow through the lung is substan- 
tially increased. 

2. In long-standing conditions in which the pul- 
monary blood flow is greatly increased, there is 
no concomitant increase in V,. This conclusion 
is somewhat at variance with that of Auchincloss, 
Gilbert and Eich (21), who used the single breath 
DL technique at rest to study patients with con- 
genital and acquired heart disease. These authors 
found an increased Dt at rest in some patients in 
the congenital heart disease group, but they did 
not report any exercise results. Their findings are 
therefore not necessarily at variance with the pres- 
ent conclusion that the exercise Dm and V, are 
not increased in these patients compared with those 
of normal subjects. The possibility exists that 
the taking and holding of a single breath by pa- 
tients with large intracardiac shunts may sig- 
nificantly alter the state of the pulmonary bed. 
The finding of a lowered Dm in Patients 23 and 
24 may well reflect irreversible changes secondary 
to the pulmonary hypertension, since the two pa- 
tients with primary pulmonary hypertension stud- 
ied by McNeill and associates (7) showed a de- 
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crease both in DM and in V,._ The pulmonary dif- 
fusing capacity in thyrotoxicosis has been noted 
previously to be normal or lower than normal, 
even though the pulmonary blood flow is consid- 
erably elevated... The two patients with un- 
treated thyrotoxicosis included in the present study 
illustrate this finding. The predicted Dtco for 
these two patients at the exercise level they main- 
tained is 27 and 31 ml CO per minute per mm Hg, 
respectively (8), whereas the measured figures 
were 17.3 and 19.5. The Dm was reduced in the 
first of these patients and was clearly limiting the 
rate of gas diffusion considerably. In the second 
patient it was just below the approximate normal 
level. In neither patient was there any increase 
in V,. Taken together, the findings in Group 2 
in Table VII indicate that the components of pul- 
monary diffusion are independent of the absolute 
level of pulmonary blood flow. This supports the 
animal experimentation reported by Rosenberg 
and Forster in which the authors arrived at the 
same conclusion (22). 

3. The finding of high values for V, in mitral 
stenosis supports the conclusion of McNeill and 
associates (7). The additional evidence presented 
above suggests that this may be an important 
measurement in this condition, since the over-all 
Di may alter little after a successful valvotomy 
and so conceal the fact that the V. and Dm com- 
ponents have changed considerably in different di- 
rections. The variable results noted by others 
(14, 23, 24) in the over-all Di in mitral stenosis, 
may well be explained by the present observation 
that further subdivision of the Dr is required be- 
fore the data become meaningful in terms of 
changes in the pulmonary capillary bed. Fur- 
ther, the present finding of normal values in a 
patient with little disability, who was known to 
have a normal pulmonary compliance, certainly 
suggests that alterations in V, and membrane dif- 
fusion components represent a basic change in 
the physiopathology of this disease. The demon- 
stration of a marked change in these values only 
three weeks after a valvotomy (Patient 28, Table 
IX), is also of considerable interest, since it has 
proved difficult to correlate the considerable sub- 
jective improvement which many such patients 
have with any measurable physiological variable. 


1 Bates, D. V. Unpublished observations. 
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It may be that the measured V, during exercise 
will prove to be a sensitive indicator of change oc- 
curring in the pulmonary bed as a result of val- 
votomy,. 

4. In pulmonary fibrosis the measurement of 
Dm probably represents the most sensitive cri- 
terion of normality available. Its expression in 
terms of the ventilated lung (Dm/MC) increases 
its sensitivity considerably. This is well illus- 
trated by Patient 32 in Table IX whose pulmonary 
infiltration was known to have been present for 
less than three months. The DmM/MC ratio was 
4.3 against the predicted value of at least 9.0. 
The lung biopsy in this patient showed that the 
alveolar walls were uniformly thickened but only 
by about one extra layer of cells. Pathologically 
the section was regarded as representing an ex- 
tremely early example of Hamman-Rich syn- 
drome. Systematic study of Dm changes in this 
and other types of pulmonary fibrosis would un- 
doubtedly provide a sensitive indicator of altera- 
tions in the pulmonary membrane. In certain dis- 
eases such as sarcoidosis, it may be found that 
the main area of involvement in the lungs can be 
localized by a study of the relative changes in V, 
and Dm. The finding in the present study of an 
unexpectedly low V, in a patient with sarcoidosis, 
as well as in two of the patients with a diffuse 
interstitial fibrosis, suggests that the involvement 
of the lung may be quite different in different pat- 
terns of these diseases. 


SUMMARY 


1. The components of the pulmonary diffusing 
capacity have been studied in 14 normal individu- 
als, and in a group of 22 patients with varying clin- 
ical conditions. All the determinations of pulmo- 
nary capillary blood volume and membrane diffus- 
ing capacity were made during exercise. 

2. The results reported show that this determi- 
nation is sufficiently stable and reliable to permit 
comparisons to be made between normal subjects 
and patients. 

3. The data suggest that in normal subjects the 
pulmonary diffusing capacity increases with exer- 
cise mainly because the pulmonary capillary blood 
volume rises. Individual differences in diffusing 
capacity also seem mainly attributable to variations 
in this component. Hyperventilation and hypoxia 
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could not be shown to exert much influence on the 
pulmonary diffusing capacity. 

4. Removal of one lung appears to result in a 
halving of the membrane component. 

>. High flow conditions in the lesser circulation 
are not associated with any increase in pulmo- 
nary capillary blood volume. In one patient with 
a reduced pulmonary flow the pulmonary capillary 
blood volume was normal. 

6. Mitral stenosis may lead to a considerable 
increase in pulmonary capillary blood volume, and 
a concomitant reduction in membrane component. 
In one patient studied before and after a success- 
ful valvotomy, the pulmonary capillary blood vol- 
ume at equivalent exercise had dropped from 275 
ml before operation to 85 ml postoperatively and 
the membrane component rose from 20 to 31 ml 
CO per minute per mm Hg. This reciprocal 
change in these two variables resulted in a very 
similar over-all diffusing capacity before and after 
operation. 

7. In a group of patients with pulmonary fibro- 
sis the main defect was found to be in the mem- 
brane diffusion component, the pulmonary capil- 
lary blood volume being either normal or reduced. 

8. It is concluded that this technique based on 
the theoretical work of Forster (5) is capable of 
yielding valuable information in a wide variety of 
clinical conditions. 
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Indicator dilution curves obtained from various 
systemic arterial sampling sites are commonly used 
for analysis of blood flow, cardiac shunts and val- 
vular regurgitation, and for study of segments of 
the blood volume. It is generally assumed that the 
contour of such curves is largely determined by the 
passage and dilution of the indicator in the cen- 
tral circulation and that changes occurring during 
arterial passage are minor and predictable on the 
basis of the expected velocity of arterial blood 
flow and the distances of the commonly used 
sampling sites from the aortic root. Although it 


is accepted that quantification of blood flow is un- 
affected by changes in curve contour so long as 


the first circtilation of indicator can be identified, 
the estimation of other parameters available from 
curve analysis may be significantly influenced by 
the validity of the above assumption. Beard, 
Wood and Clagett (1) and Fox, Sutterer and 
Wood (2) have demonstrated considerable dif- 
ferences in contour as well as appearance time of 
curves obtained from the femoral (FA), radial 
(RA) and dorsalis pedis arteries. The first study 
showed delay in the FA components in coarctation 
of the aorta as compared with the RA curve, 
whereas the latter study noted delay and skewing 
of the RA or pedal curve as compared with the FA 
curve. The FA curves were similar in contour to 
the abdominal aortic curves in normal subjects. 
During preliminary studies of an investigation 
which attempted to quantitate valvular regurgitation 
by comparison of indicator dilution curves recorded 
simultaneously from the pulmonary artery (PA) 
and a systemic artery, we noted that in normal 
subjects only FA curves consistently resembled 
the PA curve while those recorded from the 


* Supported in part by grants from the Utah Heart 
Association and the United States Public Health Service 
(Grant no. H-3126 and HTS 5150). 


brachial artery (BA), or RA frequently showed 
unpredictable deviations in curve parameters. 

Although these studies clearly indicate that the 
sampling site as well as the sampling system (3-6) 
play an important role in the parameters of dilu- 
tion curves, it is not clear whether the effects of 
arterial passage are a predictable characteristic in 
each arterial system and are constant from sub- 
ject to subject and from moment to moment, or 
whether capricious effects occur which are re- 
lated to spontaneous or reflex local disturbances, 
possibly produced by the sampling technique. 

The present study was undertaken in an at- 
tempt to define the extent of variation in curves 
as obtained from commonly employed arterial sites 
and to examine the possible mechanism for distor- 
tion or skewing of the curves. The results of 
human studies led to the parallel investigation in 
a hydraulic analog system having three charac- 
teristics considered most important in determining 
the presence and extent of curve alteration: pulsa- 
tile flow, a branched elastic system, and variable 
efflux resistances. Although the effects on a dilu- 
tion curve of constant flow through rigid tubing 
are well known (3-6), little evidence exists as to 
the pulsatile flow through a branched elastic sys- 
tem encountered in man. 


METHODS 


Human studies. Studies were carried out in 12 human 
subjects in the resting state during the course of venous 
cardiac catheterization. Simultaneous FA and BA curves 
were obtained following right heart or venous injection 
of T-1824 or indocyanine green in 4 normal subjects. 
In 3 others, simultaneous RA and FA curves were ob- 
tained (Table I, Subjects 1 through 7). Three patients 
with coarctation of the aorta were examined: one with 
minimal narrowing showing only alteration of the 
central pressure slope (Patient 8), and two with evi- 
dence of severe constriction of the aorta and well de- 
veloped collateral circulation (Patients 9 and 10). An- 
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TABLE I 
Parameters of simultaneous dilution curves from two arterial sites* 


Subject 
no. y Diagnosis 


Sampling 
sitest 


Normal 
Normal 
Normal 
Normal 
Normal 
Normal 
Repaired 
atrial septal defect 
Funct. 
coarctation 
aorta 
Severe 
Moderate 
Abd. aortic 
Bradycardia 


NAME 


2a 
S 


+ 
+ 
+ 
+ 
+ 
+ 
+ 


—8. 

0. 


* Records were obtained by using either two direct recording oximetergalvanometer systems or two densitometer- 


galvanometer systems (see Methods). 


+ FA, BA and RA refer to curves obtained from the femoral artery, brachial artery and radial artery. 


the left brachial artery was used. 


In Subject 9, 


tts, tp and ty-t, refer to appearance time, peak concentration time, and passage time, respectively, following the 


nomenclature proposed by others (2). 
taneously recorded curves. 


other subject (Patient 11) had a large abdominal aortic 
aneurysm and Patient 12 was included because of a 
bradycardia of 36 beats per minute. FA and BA curves 
were obtained in Patients 8 through 12. 

Arterial punctures were performed following liberal 
infiltration of the puncture site with 2 per cent pro- 
caine; 20 gauge needles were used for the radial and 18 
gauge or 20 gauge needles for the brachial and femoral 
punctures. None of the patients complained of discom- 
fort from the indwelling needle. The device for simul- 
taneous sampling from two sites is described elsewhere. 
A sampling rate of 0.3 to 0.6 ml per second was used in 
all studies. Cuvet oximeters! or cuvet densitometers 2 
used were attached directly to the arterial needles, and 
the delay times due to the dead space of cuvet tubing 
(0.5 ml in the oximeter and 0.25 ml in the densitometer ) 
were equal and less than one second. The curves were 
recorded by a kymographic camera * at a paper speed of 
5 mm per second. The downslopes were extrapolated to 
points of equal concentration. 

Paired curves were analyzed for the following param- 
eters: appearance time, ta, and peak concentration time, 
tp. The “disappearance time” was estimated by extrap- 
olating the curve with the most rapidly decaying con- 
centration to 0.05 of the concentration at the beginning 
of apparent exponential decrease in concentration. The 
other curve is then extrapolated to an equal concentra- 


tion. This is taken to be the time when the two sampling . 


1 Wood cuvet oximeter, Waters Corp., Rochester, Minn. 

2XC-100A densitometer, Waters Corp., Rochester, 
Minn. 

3 Waters kymographic camera, model G-12, Waters 
Corp., Rochester, Minn. 


Ata, Atp and A(tg-t,) refer to the relationship between values of the two simul- 
Positive sign indicates that FA curve measurements were the smaller. 


sites reflect a common event occurring upstream in the 
aorta. 

In addition to the experiments described above, arterial 
blood flow patterns were studied in 8 normal subjects 
and in 3 individuals with valvular heart disease who were 
free from obvious arterial disease. This was accom- 
plished by observing with cinefluorography * the distri- 
bution and flow of 50 per cent diatrizoate sodium (Hy- 
paque) introduced into an artery. Following percutane- 
ous puncture with an 18 gauge needle, a specially modi- 
fied 20 gauge needle, 10 cm long with the tip occluded 
and fenestrations placed radially over the distal centi- 
meter of length was passed through the no. 18 needle so 
that the multiple openings lay within the lumen of the 
vessel studied. After free flow was ascertained, cine- 
fluorographic recordings were made of the streaming 
pathways of slowly injected, 1 ml per second, and rapidly 
injected, 2 to 4 ml per second, 50 per cent Hypaque. In 
4 subjects injections were made into the brachial artery. 
The femoral artery was used in 4 normals and in 3 pa- 
tients with mild aortic valvular incompetence. In 3 of 
the normal subjects in whom FA injection was made, 
records were obtained before and after occlusion of ar- 
terial blood flow just above the knee by means of a pneu- 
matic cuff inflated to suprasystolic pressure. 

Model studies. The hydraulic analog consisted of a 
simple branched system of rubber tubing with a small 
glass “Y” tube at the bifurcation. Water was pumped 
through the system by means of a Sigma Motor finger 
pump, which delivered pulsatile flow with a stroke vol- 
ume about 10 ml at a rate of 80 per minute. The volume 
of the undistended system measured, under various con- 


4 Cinefluorex, Westinghouse Corp. 
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ditions, from 16 to 20 ml. The distal ends of the two 
branches of tubing could be controlled by screw clamps 
to provide variable outflow resistances. Indicator was 
injected proximal to the pump. The latter provided ade- 
quate mixing. Dilution curves were obtained through 
short no. 20 needles connected to direct recording cu- 
vet oximeters. Sampling was accomplished by the paired 
sampling syringes mentioned previously (3). The rate 
of sampling at all times was less than 5 per cent of the 
flow through the model. The model was intended to 
closely simulate the relative capacity of the arterial tree 
and the flow rate through it. The following paragraph 
describes the manner in which local alterations in flow 
were simulated. 

The following experimental conditions were set up to 


Simultaneous sampling from 
two Arterial sites 


(Poired sampler ; no sampling lag) 


Inj. "Cardio Green" 
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test their influence on the contour of a dilution curve: 
a) sampling from two branches having equal flow, but 
equal or unequal volume; b) sampling from two branches 
having unequal flow, accomplished by changing outflow 
resistance of one branch only; c) sampling from proxi- 
mal and distal segments of one branch having increased 
outflow resistance; d) sampling from a nonexpansile 
system made so by lowering outflow resistance in both 
branches; ¢) sampling from both branches with elevated, 
but slightly unequal, outflow resistances. 

The failure of the galvanometer beam to return to the 
baseline after curve inscription deserves mention. It was 
noted that the polyethylene tubing, leading water and 
T-1824 dye through the recording cuvet, would remain 
faintly tinted with blue color long after the effluent was 


Femoral Artery 


A. A CHARACTERISTIC SET OF CURVES FROM A NORMAL MALE (SuB- 
ject 1, TABLE 1) SHOWING FAIRLY EXTREME VARIATION BETWEEN BA AND 


Fic: 1, 


FA CURVES. 


Curves are extrapolated to equal concentrations. 
TANEOUS CURVES FROM THE FA AND RA FOLLOWING PA INJECTION. 


B. SIMUL- 
Record- 


ings were made using cuvet densitometers sensitive to indocyanine green. 
The variation of the RA curve from the FA curve is qualitatively the same 
as the variation of the BA curve from the FA curve in 1A. 
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Rodiol Artery 


Femorol Artery 
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Fic. 2. Curves From FA Aanp RA IN A 29 YEAR OLD 
MALE (Supyect 5, TABLE I) FOLLOWING SUCCESSFUL RE- 
PAIR OF AN ATRIAL SEPTAL DEFECT. Note the delay of all 
parameters of the RA curve without skewing. 


colorless. We conclude that loose binding between the 
dye and plastic occurred with a significant effect only at 
low concentration. We, therefore, doubt the accuracy 
of the downslope at lower concentrations and have used 
the segment of the curve shortly after the peak for com- 
parative purposes. 


RESULTS 


1. Comparison of human curves obtained simul- 
taneously from two arteries. As demonstrated in 
Figures 1, 2 and 3, considerable variability is en- 
countered when two curves are recorded simul- 
taneously from various arterial sites following 
single venous or right heart injection. 

The measured parameters of paired curves are 
listed in Table I. There is frequently not only de- 


Coorctation of Aorta 


Femorol Artery, 


inj. Vein 


ja-Brochiol Artery 


Fic. 3. THE EFFECTS OF SEVERE MECHANICAL OBSTRUC- 
TION OF AORTA DISTAL TO THE LEFT SUBCLAVIAN ARTERY 
(SAMPLING FROM THE LEFT BRACHIAL ARTERY). The delay 
and skewing of the FA curve as compared to the BA 
curves is probably the result of increased U/F ratio distal 
to the coarctation and to the presence of numerous col- 
laterals with variable transit times. 


layed appearance, ta, of dye at the BA or RA when 
compared with the FA, but in addition the curve 
is skewed by further delay in the peak concentra- 
tion time, t,, and prolongation of the passage time, 
ta-ta (Subjects 1, 2, 5 and 6). These findings 
agree in general with those of Fox, Sutterer and 
Wood (2), but there is not always significant al- 
teration of the BA curves (Subjects 3, 4, 8 and 
12) and the RA curve may be delayed without 
other alteration (Subject 7). Examination of the 
pair of curves in Figure 1A shows that the delay 
in t, is about 2.3 seconds, the delay in t, 3.5 sec- 
onds and the increase in ta-t, is even greater, 5 
seconds. Thus, the first appearing dye is delayed 
at the BA site, but not so much as is the dye par- 


NON-DISTENDED VOLUME, 16-20 mi 


Gloss tube 


“Finger” Pump 
SV Omi 
Rote = 80, min 


Simple Branched Elastic System; 
Pulsotile Flow 


Fic. 4. THE OUTLINE OF THE MODEL OF A SINGLE BRANCHED SYSTEM WITH EXPANSILE AND 


PULSATILE FLOW. 


S, are sampling sites. 


Ratio of “diastolic” volume to stroke volume and pump rate are close to 
these values expected in the human arterial tree. 


R and R, are variable resistances; S,, S. and 
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Equal length, diameter ond flow 


Fic. 5. Two SUCCESSIVE STROKE VOLUMES FROM A DILUTION CURVE, EACH 
STROKE A RATHER HOMOGENEOUS “STEP FUNCTION” OF CONCENTRATION. 


Unequal length, diameter.and 
Equal flow 


Distal long 


The 


shaded areas indicate that the mixing length is short compared to the distance 


over which concentration tends to be constant. 


This concept would ex- 


plain the finding of nearly constant contour of curves from various portions 


of a system where U/F ratios were equal in the two branches. 
resentative curves from such a system are shown. 


ticle with average transit time, t, and even less than 
the particles near ta. Figure 1B, recorded with 
more rapidly responding cuvet densitometers from 
the FA and RA, shows similar findings. The 
cases included in Table I represent all possible 
combinations of FA and BA and RA relation- 
ships: a) the common occurrence of delayed ap- 
pearance and skewness of the BA with respect to 
the FA (Subject 1 and 2) ; >) no significant differ- 
ence between FA and BA curves (Subjects 3, 4, 8 
and 12); c) delay in onset, t,, of the RA curves 
with or without variation of contour (Subjects 5, 
6 and 7); d) reversal of usual findings in severe 
coarctation (Subjects 9 and 10) and in abdominal 
aortic aneurysm (Subject 11). 

2. Cinefluorex studies. In all FA studies in- 
cluding those of three subjects with mild aortic 


Below, rep- 


regurgitation, Hypaque, injected slowly at 1 ml 
per second, was carried distally without visible 
diastolic retrograde movement. During repeated 
studies, or if Hypaque was injected at a faster 
rate for 8 to 10 seconds, a variable degree of retro- 
grade movement, never more than 3 to 5 cm, was 
apparent in diastole. There was always rapid 
clearance of injectate from the site. 

In the three FA studies with cuff occlusion of 
the arterial flow just above the knee, striking 
retrograde flow of Hypaque was seen as far proxi- 
mal as the aortic bifurcation. Subsequent injec- 
tions with the cuff released showed the relation- 
ships seen in the control period. 

Brachial artery injections revealed a more vari- 
able pattern. In one patient there was no visible 
retrograde movement. In two remaining normal 
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subjects, there was a variable diastolic retrograde 
movement of injectate with slow clearing of indi- 
cator after cessation of injection, In one normal 
subject, a brief rapid injection of a small volume 
resulted in retrograde flow so striking that ‘the 
subclavian artery was opacified and, although ra- 
dial pulse was palpable, washout time was pro- 
longed to 18 seconds after cessation of injection. 
3. Model studies. The outcome of Studies 1 
and 2 above suggested the simple branched elastic 
model (Figure 4) with pulsatile flow and the 
variations of the volume-flow relations described 
above. When equal flow occurs through equal 
volumes of the pulsatile system, the curves ob- 
tained from each branch are identical in all param- 
eters. When the volumes to be traversed are un- 
equal but the flow rates are identical, the simi- 
larity of the two curves is maintained, but of 
course the distal curve has delayed inscription 
(Figure 5). Thus, differences in volume con- 
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tained in the two branches of the system do not 
significantly change the contour of the curves. 
However, a disproportionate decrease in flow of 
one branch (“vasoconstriction”), with volume, 
elasticity and stroke volume kept constant, shows 
that, in addition to the expected delay in the ap- 
pearance time, the peak concentration time and the 
extrapolated passage time are further significantly 
delayed (Figure 6). In fact, when compared to 
the delay in tg, t, and ta show even greater “smear- 
ing,” i.e., they demonstrate progressive delay when 
compared to the same measurement of the branch 
of the model that had normal outflow resistance. 
This same relative difference between ty, tp and ta 
was noted in many human subjects when simul- 
taneous sampling from radial or brachial artery 
was compared with the femoral artery. 

With high outflow resistance of one branch of 
the model, similar differences appear when curves 
are recorded simultaneously from the proximal 
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moderately unequal flow. 
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Fic. 6. SCHEMATIC REPRESENTATION OF INCREASED U/F IN A SIDE BRANCH 
ACCOMPLISHED BY INCREASING RESISTANCE R,. Now the mixing length is 
an appreciable fraction of the total segment occupied by the aliquot of stroke 


volume. 


Below are seen the effects of two conditions of unequal flow. 
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Femoral Artery 


Long branch, Proximal & distal 
sampling sites. 


IN THE HIGH U/F SIDE BRANCH. 


As before, flow through long branch decreased 


Fic. 7. THE DEPICTION OF MIXTURE OF SEVERAL ALIQUOTS OF SUCCESSIVE STROKES 
Thus the fourth stroke concentration may be re- 


corded from the FA (or S,) while the first stroke concentration reaches the site S.. 
Strokes 1 through 5 intermingle, strokes 1 and 2 mix “ahead” with undyed blood and 


will be recorded in advance of the centroid of the curve. 


After tp, this process is re- 


versed with volumes of lower concentration entering the segment and mixing with 


higher concentrations present; in consequence delayed clearance occurs. 
similarity of curves from S,, the proximal site on the side branch, and S, of Figure 6. 


and the distal end of the same branch (Figure 7). 
The proximal curve is similar to a record obtained 
from a branch with normal outflow resistance ; the 
distal curve is similar to that from the constricted 
branch of Figure 6, so that the difference in curve 
parameters sampled from these two sites of the 
same “‘vasoconstricted” branch is essentially the 
same as the difference obtained from one normal 
and one constricted branch. This is more marked 
when the resistance in the sampled tube is fur- 
ther increased. 

Finally, conditions of flow in a non-expansile 
system were simulated by causing such low out- 
flow resistance that discontinuous (systolic) rather 
than continuous but pulsatile flow occurred. This 
solely systolic and presumably laminar flow did 
not cause distention of the rubber tubing and no 


Note the 


appreciable elastic effect remained (Figure 8 
left). Under these circumstances no distortion 
of contour was found. Likewise, when extreme, 
although unequal increase in resistance was ap- 
plied to the two branches, there again was no 
distortion of proximal and distal curves obtained 
from one branch (Figure 8 right). 


DISCUSSION 


From the results obtained in the human stud- 
ies, it is apparent that, in the absence of structural 
abnormality of the aorta, the FA curve invariably 
has values of ta, tp and tg-t, equal to or less than 
those of a simultaneous curve from another ar- 
terial site. Published curves of Fox and associ- 
ates (2) indicate that the FA curve does not differ 
significantly from the curve obtained from the 
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abdominal aorta except for the expected brief and 
equal delay of all parameters. Comparison of 
curves obtained from the PA and FA following 
venous injection in normal subjects shows only a 
small, nearly constant alteration in contour (7). 
These observations support the conclusion that, 
when dealing with a normal arterial tree, the FA 
curve may be considered a close representative of 
its antecedent as it emerged from the left ventricle. 
The reason this site is unique among those com- 
monly utilized may be the nearly pure forward 
flow patterns generally found with FA radio- 
graphic studies, except when mechanical obstruc- 
tion is induced distal to the site studied. As a 
corollary, of all commonly used sites in man, the 
FA curve can be recorded with a minimum of de- 
lay and is not likely to imply a “Stewart” volume 
greater than the anatomical volume existing be- 
tween aortic valve and sampling site. This con- 
clusion is not warranted if gross aortic disease 
exists. 

Curves from the BA may or may not differ from 
the FA curve in an apparently unpredictable man- 


“Rigid” system, non exponsile 
low resistance flow; proximal 
ond distal sampling from 
long branch 


Distal 
te 


Prox. 


Fic. 8. (Lert) THE EFFECTS OF 


There is no discernible effect due to laminar flow 
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ner. This correlates with variability of flow pat- 
terns seen in BA injection studies. Although the 
number of paired curves from the FA and RA is 
small, the latter curves show the most striking 
alterations and this is in keeping with the finding 
of slow clearance of radiopaque substance distal 
to the BA injection site even though severe alter- 
ations of flow patterns were not seen at that site. 

The manner in which curves may be altered by 
arterial passage would seem to depend on local 
variation of flow and volume relations. The ob- 
served facts implicate two mechanisms, both of 
which are the consequence of local vasoconstrictive 
action: local regurgitation (return flow) because 
systolic uptake exceeds the runoff capacity of the 
segmental vascular bed, and a smaller systolic 
uptake over a prolonged time period because of a 
decrease in the compliance of the segment of ar- 
terial bed involved. 


A suggested skewing mechanism 


As stated, any explanation advanced for the 
mechanisms by which curves may be altered dur- 


Increased resistance in 
both L&S tubes Sompling 
from long branch 


Distal ——> 


NONEXPANSILE FLOW. 
in the side branch. 


PULSATILE BUT 


(RiGHT) EXTREMELY HIGH RESISTANCE IN BOTH BRANCHES; PULSATILE, EX- 


PANSILE FLOW. 


Again only delay is seen in all portions of the curve from 


the distal site without skewing. This is similar to the curve from human sub- 


ject, Figure 2, 
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ing passage through the arterial tree must include 
considerations of a pulsatile elastic system. It 
must also embrace the premise that the normal 
arterial tree receives the dilution curve in suc- 
cessive stroke volumes of more or less homogene- 
ous concentration which occupy segments along 
the tree which are long as compared to the dis- 
tance over which longitudinal mixing can occur 
during the time of arterial passage. To be ac- 
ceptable, longer mixing pathways, shorter length 
of constant concentration, longer time of passage, 
or a combination of these must be incorporated in 
the explanation. The following paragraphs and 
Figures 5 through 8 attempt this. 

First, consider the various branches of the ar- 
terial tree as having a diastolic runoff equal to the 
net systolic uptake. If this ideal condition pre- 
vails, then all the blood entering a given branched 
segment in systole will eventually leave the ap- 
propriate drainage bed at the other end (Figure 
5). To the extent that the ratio of systolic up- 
take or “capacitance” over diastolic runoff or flow 
(U/F) of a branched segment differs from the 
ideal situation, more or less blood will leave the 
drainage bed in diastole than the net amount which 


entered during systole. If the U/F ratio is greater 
than average, then some of the systolic uptake 
which has penetrated the segment a certain dis- 
tance will not be able to proceed and will flow or 
regurgitate into other segments with smaller U/F 


ratios. This circumstance, illustrated in Figures 
6 and 7, would allow a degree of regurgitation in 
any segment in which the U/F ratio exceeded the 
average. The effects of this regurgitation on the 
remaining low U/F vessels would not necessarily 
be discernible, since the concentration of indi- 
cator is identical in all of the systolic ejectate and 
subsequent diastolic runoff. 

The effects of this localized regurgitation can be 
examined further. Let us consider the course of 
events which follows the end of systole. (Assum- 
ing the pressure is nearly the same at all points 
in this small segment, one may consider diastole 
to begin at nearly the same time in all parts.) 
Consider first the fate of the blood immediately 
adjacent to the arterioles; this will flow continu- 
ously forward during diastole and in this it is simi- 
lar to all the juxta-arteriolar blood. However, 
the blood and indicator, which at the end of systole 
are found at the entrance to this segment, reverse 
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flow and enter another drainage area. The fate 
of blood at various intermediate points will gener- 
ally fall between these extremes and theoretically 
there is a point in such a segment where the two 
opposite effects balance and no net flow occurs 
during diastole. These reasonable conclusions 
thus far have not caused an alteration of the time 
concentration curve as it traverses this aberrant 
segment since, at any given instant, the concen- 
tration is the same in both average and aberrant 
segments. A second abnormal condition is needed 
for dispersion to occur and to result in different 
concentrations in the two segments at a given time. 
This may be related to the manner in which sys- 
tolic “penetration” occurs. In any segment a 
certain end-diastolic volume exists. The systolic 
uptake is smaller than the end-systolic volume, 
and to the extent that the latter exceeds the former, 
more than one stroke will be required until the 
indicator substances have completely traversed a 
segment. If diastolic flow is normally related to 
net systolic uptake, i.e., equal (U/F = 1), then 
the average traversal time may be considered equal 
to the volume of the segment divided by the ar- 
teriolar runoff per second. It follows that with 
diminished runoff and constant volume, this time 
would increase inversely as the runoff decreased. 
Note that this will allow a delayed t, as seen in 
human and model curves, but not necessarily an 
alteration of the contour. This situation is en- 
countered in Table I, Subject 7, and in Figures 2 
and 8. A further essential is the distribution of 
small aliquots of each stroke volume (systolic 
ejection) over an additional volume (and between 
one another). Since it has been stipulated that 
the stability of the curve as normally seen is due 
to a short longitudinal mixing distance and the 
relatively much greater length of homogeneous 
concentration, it is possible to increase the dis- 
persion and alter the curve either by decreasing 
the length of homogeneous concentration, by in- 
creasing the length of longitudinal exchange, or 
by allowing longer time for longitudinal mixing. 
When small aliquots of aortic ejectate enter a seg- 
ment with increased ratio of U/F so that several 
successive short subsegments have different con- 
centrations, and if conditions within the segment 
allow a significant degree of longitudinal mixing, 
we finally have all three conditions necessary for 
definite alteration of the input curve. The cir- 
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cumstances encountered in an “average” U/F 
segment are shown schematically in Figure 5. It 
will be noted that there are long distances of ho- 
mogeneous concentration and short distances over 
which mixing can occur. This situation is con- 
trasted with a high ratio U/F segment in which 
the distance between blood with two concentration 
levels may be of the same order as the distance of 
mixing (Figures 6 and 7). 

Correlation of the theoretical mechanism out- 
lined and the observed abnormalities follows. As 
successive small volumes of increasing concentra- 
tion enter the segment of high U/F and move more 
slowly, as in Figures 6 and 7, a delayed t is to be 
expected. However, the mixing effect will cause 
an apparent “advance” of the appearance time ta, 
since it is delayed less than t; t is not affected by 
the mixing process which is bidirectional and of 
equal magnitude. Since t, is delayed less than ft, 
the first part of the curve is longer than the simul- 
taneous curve recorded from the undisturbed seg- 
ment. After peak concentration is reached, and 
decreasing concentration occurs with successive 
strokes, the mixing of aliquots of several strokes 
now slows the clearance, i.e., ta-t, is longer in the 
segment with a high U/F. The human studies, 
Figure 1A and B, and model studies, Figures 6 
and 7, are equivalent examples of this. 

Of interest is the effect of mechanical obstruc- 
tion on the contour of the dilution curve. Subject 
8 (Table 1), a patient with mild aortic coarctation, 
exhibited little functional evidence of obstruction 
(8) and showed the usual relations between FA 
and BA artery curves. Subject 9, with severe but 
incomplete obstruction, exhibited delay and skew- 
ing of the FA curve as compared to the BA curve, 
the reverse of the usual finding. This alteration of 
the FA curve is probably primarily caused by the 
increased U/F ratio distal to the obstruction rather 
than by the presence of collateral pathways of 
variable transit times. This is suggested from the 
evidence that the alteration of the FA curve is 
similar to that seen in BA when increased U/F 
is suspected. Beard and co-workers (1) have 
shown that the delay of the FA curve is corrected 
following repair of the coarcted segment. 

The theoretical concepts presented above fit the 
observed differences in human studies and receive 
support from cinefluorographic studies which have 
demonstrated the transformation of a normal bra- 
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chial artery flow pattern to a “regurgitant” and 
almost stagnant flow pattern by local vasoconstric- 
tive reactions. Model studies clearly show that, if 
there is no disproportion of U/F allowed in the 
analog, the curve is nearly identical in all sites 
measured and the effects of laminar flow cannot 
be discerned. These methods of investigation also 
yielded results compatible with the theory that a 
curve may be altered by slow movement of a 
vascular column containing several different con- 
centration levels where increased local mixing is 
possible. All of these are consequences of the 
increased U/F ratio of that segment. 

Although it has been convenient to consider cer- 
tain portions of the peripheral arterial tree as ex- 
tensions of ‘‘sampling system dead space” (2, 9), 
it is obvious from Table I that the effects of this 
type of dead space are quite variable and a single 
curve could not be analyzed by the approaches 
which Sherman, Schlant, Kraus and Moore (6) 
have applied to catheter sampling systems. For 
this reason, it is suggested that in the consideration 
of possible alteration of dilution curves only the 
predictable, measurable invariant “dead space” be 
used in corrective manipulation. 


SUMMARY 


Of all commonly used arterial sampling sites, 
the femoral artery is most likely to yield a curve 
which most closely approaches the curve as it 
emerges from the left ventricle and this curve will 


be recorded with the least delay. Variable altera- 
tion of one or more curve parameters was fre- 
quently seen when simultaneous brachial artery or 
radial artery curves were compared with those 
from the femoral artery. The distortion encoun- 
tered may assume proportions which would lead 
to serious inaccuracy in the estimation of appear- 
ance time, mean circulation time and disappear- 
ance slope. 

Radiopaque injections into the femoral and bra- 
chial arteries of human subjects without arterial 
disease show extremely variable flow patterns in 
the brachial artery but not in the femoral artery. 
This is apparently due to local vasoconstriction. 

A simple branched model characterized by pul- 
satile flow in an elastic system, with dimensions of 
capacity and stroke volume proportional to those 
of the human large arterial bed, could duplicate all 
variations of dilution curves seen in the human 
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studies by means of altered resistance to flow in 
the two branches. 

In the absence of pulsatile, elastic flow in the 
model, alteration of the curves was not seen, thus 
indicating that the parameters measured were in- 
sensitive to the effects of laminar flow and longi- 
tudinal mixing. 

It is concluded that whenever possible the fem- 
oral artery in humans should be the most distal 
sampling site used when accurate reproduction of 
the contour of the curve and accurate estimation of 
the arterial volume included in the “Stewart” or 
“needle to needle” volume is required. 

A high degree of coarctation of the aorta and 
presumably obstructive disease of the great vessels 
or aneurysmal dilatation of the thoracic or abdom- 
inal aorta render the femoral artery curve invalid 
for accurate applications of a dilution curve. 
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Epidemiological, clinical-pathological, hormonal 
and nutritional studies during the last ten years 
indicate that disturbances of the lipid metabolism 
are important factors in the pathogenesis of athero- 
sclerosis. Increased serum lipid level, induced by 
nutritional and pathological conditions, is corre- 
lated with an increased frequency of atherosclero- 
sis. In diabetic acidosis, hyperlipemia (1-3) with 
a pronounced increase of free fatty acids (FFA) 
(4) is regularly found. After treatment with in- 
sulin and diet a normal serum lipid level usually 
occurs in patients with diabetes of short duration, 
although isolated increase of FFA often is found 
(5). Even in well controlled diabetic patients an 


elevation of the serum lipids is often seen when 
the diabetes has lasted for some years. Adlersberg 
and co-workers (6) reported that diabetic patients 
with vascular complications had significantly higher 
serum lipid levels than did cases with uncompli- 


cated diabetes or normal controls. Lowy and 
Barach (7) found that this augmentation of the 
lipids preceded the symptoms of vascular com- 
plications. 

In the present study a detailed analysis of the 
fatty acid composition of the different plasma lipid 
fractions in the postabsorbtive state was performed 
in seven diabetic patients and in eight healthy in- 
dividuals used as controls. 


MATERIALS AND METHODS 


Six males with juvenile diabetes of varying duration, 
with diabetic vascular complications in different organs, 
were selected for this study. Later, one woman, who on 
several occasions had been found to have a high serum 

* This work has been supported by grants-in-aid from 
“Forsta Majblommans Riksf6rbund,” “Svenska National- 
foreningen mot Tuberkulos och andra folksjukdomar,” 
“Svenska Livforsakringsbolags Namnd fér Medicinsk 
Forskning” and “Nordisk Insulinfond.” 


lipid level, i.e., 1,200 to 3,000 mg per 100 ml of plasma, 
was included, although her diabetes had started in adult 
life. Signs of diseases other than diabetes were not 
present. The basic diet was conventional Swedish food 
(excluding sugar, sweet fruits, and food with a high 
sugar content) with a high supply of protein and mod- 
erate restriction of bread and potatoes. Forty to 50 per 
cent of the total caloric intake was fat, most of it from 
milk, Swedish margarine (with a high content of coconut 
oil and rapeseed oil), pork and beef, with only a small 
part from fish and vegetables. No supplement of oils rich 
in polyunsaturated fatty acids was given. As a rule the 
fasting blood sugar level was below 0.200 g per 100 ml 
of blood and the daily output of sugar in the urine was 
between 10 and 30 g. Ketoacidosis was not present dur- 
ing the period of lipid analysis. The patients maintained 
a constant and normal body weight. 

The ocular examination was performed by an ophthal- 
mologist. The cardiovascular examinations included elec- 
trocardiography (leads I, II, III, IVR, CRi, CR», CR, 
and CR;) and X-ray examination of the heart, the 
thoracic and abdominal aortas, and the pelvic and leg 
arteries. In Case 3, the patient’s history was compatible 
with coronary artery disease. The ECG was normal 
when the patient was resting but the exercise tolerance 
test was indicative of coronary insufficiency at 600 kil- 
opond meters per minute. Signs of peripheral vascular 
insufficiency were not present in the patients, and oscil- 
lometric examinations of the extremities gave normal 
results. 

When proteinuria deveioped during the disease it was 
taken as evidence of diabetic nephropathy, when repeated 
investigations failed to demonstrate other disease of the 
kidneys or the urinary tract. Advanced proteinuria and 
other signs of the nephrotic syndrome were not present. 

At the time of lipid analysis all the patients lived their 
normal life and were capable of doing their normal work. 
The clinical data are summarized in Table I. 

The eight healthy male human subjects studied were 
medical students and blood donors, 23 to 38 years oi age. 
They lived on a standard Swedish diet with 30 to 40 per 
cent of the caloric intake as fat, most of it milk, Swedish 
margarine, pork and beef, with only a small part from 
fish and vegetables. One of them (B.J.) was a veg- 
etarian. For several years he had endeavored to consume 
food containing fats with a very high content of polyun- 
saturated fatty acids. a 
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TABLE I 


Clinical data relative to the diabetics 


Insulin Plasma 


Patient Age Sex Ht/Wt betes dosage creatinine Diabetic angiopathy 

J.0.E. 20 M 170/70 14 54 0.9 Retinopathy with capillary micro- 
aneurysm and retinal hemorrhages. 
Nephropathy with proteinuria. 

A.B. 25 M 170/60 21 44 1.2 Advanced retinopathy with capillary 
microaneurysm, retinal hemorrhages, 
exudates and proliferating retinop- 
athy. Angina pectoris. Vascular 
calcifications (X-ray) in leg vessels. 

B.I. 29 M 163/65 28 64 0.9 Retinopathy with capillary micro- 
aneurysm. 

HOS. 20 M 165/62 18 64 0.8 Nephropathy with proteinuria. 

Los.” 20 M 165/58 12 68 0:7 Nephropathy with proteinuria. 

YR. 42 M 173/69 32 64 1.6 Retinopathy with capillary micro- 
aneurysm, retinal hemorrhages and 
exudates. 

G.B. 36 F 171/64 10 32 0.7 Retinopathy with capillary micro- 


aneurysm and retinal hemorrhages. 


* Uniovular twins. 


Experimental procedure 


Blood for analysis was taken in the morning after the 
subjects had fasted for 10 to 12 hours. Blood sampling 
and preparation of the total lipid extracts were performed 
as described earlier (8). 

Analytical methods. Total fat was determined by evap- 
oration of an aliquot of the lipid extracts and weighing of 
the residue. Free and total cholesterol were determined 
according to the method of Zak and associates (9). FFA 
were determined according to the method of Svanborg 
and Svennerholm (8). The concentration was calculated 
as milligrams of oleic acid per 100 ml of plasma. 

Glyceride-glycerol was determined as formaldehyde by 
the chromotropic acid color reaction according to Lam- 
bert and Neish (10), using the modification described by 
Carlson and Wadstr6m (11). However, ethanol used in 
the saponification was found to give high and varying 
blank values. We therefore tried methanol, which was 
found to give low and constant blank values. From total 
lipid extracts the phospholipids were removed by chroma- 
tography on silicic acid (8). Recrystallized tripalmitin 
(B.D.H.) was used as standard and the triglyceride value 
was calculated as tripalmitin. Lipid phosphorus was de- 
termined according to Svanborg and Svennerholm (12). 

Chromatographic separation of lipids. The plasma lipid 
classes were separated by the use of silicic acid chromatog- 
raphy as described by Hirsch and Ahrens (13). Silicic acid 
(Baker AR, lot no. 4680) was milled in a ball mill and 
screened. Particles passing a 120 DIN sieve were used. 
In order to remove extremely small particles the silicic 
acid was then suspended in methanol. After 5 minutes of 
settling, the methanol was decanted. This procedure was 
repeated once with methanol and twice with diethyl ether. 


The remaining silicic acid was dried in air and finally 
activated at 120° C for 24 hours. Sixty g of the silicic 
acid powder was suspended in ether and rapidly trans- 
ferred to a glass column (Figure 1). The silicic acid 
column, which was about 18 cm in height, was washed 
with 100 ml of acetone-ethyl ether (1:1, vol/vol), fol- 
lowed by 100 ml of ether. Complete removal of the 
dehydrating solvents was then achieved by washing the 
column with 1 L of light petroleum (bp 60 to 80° C) for 
about 12 hours. A 60 g column was charged with 1 g 
of lipid. The mixture of lipids to be separated was dis- 
solved in a small volume of light petroleum and pipetted 
on the column. Elution was carried out with solvent 
mixtures of increasing polarity, as is shown in Figure 2. 
The flow rate of the solvents was regulated to 2.5 ml per 
minute with the stopcock at the lower end of the column. 
Fractions of the eluate, 25 ml each, were collected. One- 
half of each fraction was used for gravimetric determina- 
tion and colorimetric or titrimetric analysis (cholesterol, 
glycerol, phosphorus and FFA) ; the other half was used 
for gas chromatographic analysis of the fatty acids. 

At the beginning of this investigation the possibility 
of using the same column in several separations was 
tested. However, the adsorption power of the silicic acid 
was found to decrease rapidly. Chromatography with 
standardized stepwise elution will not give reprodu-ible 
results if the columns are used more than once. 

Hydrolysis and esterification. The cholesterol esters 


and the triglycerides were hydrolyzed in 0.5 N ethanolic 
potassium hydroxide (10 ml for 100 mg lipid) by boiling 
under reflux for 2 to 3 hours. 
diluted with half the volume of water, and the unsaponifi- 
able material was extracted with light petroleum. 


The reaction mixture was 


After 
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Fic. 1. GLASS APPARATUS USED FOR COLUMN CHROMA- 
TOGRAPHY WITH SILIcIC AcID. 1=two L separatory fun- 
nel; 2 and 5=solvent; 3 and 8=stopcocks; 4= ball 
joint; 6= silicic acid; 7 = coarsely sintered glass filter. 


acidification the FFA were extracted from the ethanol- 
water phase with light petroleum. The solvent was 
evaporated and the fatty acids were converted into methyl 
esters by boiling with methanol containing 2 per cent 
(vol/vol) concentrated H,SO, for 2 hours. (Too great 
a concentration of H,SO, may lead to changes of the 
unsaturated acids.) The mixture was diluted with half 
the volume of water and the methyl esters were extracted 
with light petroleum. The light petroleum solution was 
washed with a sodium carbonate-bicarbonate buffer, pH 
10, and water. The gas chromatographic analysis of a 
synthetic mixture of methyl stearate and methyl linolenate 
(stearate 61.5 per cent, linolenate 38.5 per cent) before 
and after hydrolysis and re-esterification (stearate 61.2 
per cent, linolenate 38.8 per cent) showed that the treat- 
ment did not change the polyunsaturated fatty acids. In 
the first analyses the phospholipids were hydrolyzed and 
esterified by this method. In order to get a more com- 
plete conversion of the sphingomyelin fatty acids to 
methyl esters the phospholipids were boiled under reflux 
for 2 hours with methanol containing 5 per cent con- 
centrated H.SO,. This procedure had been found to give 
complete methanolysis of brain cerebrosides. The rela- 


tively short reaction time was chosen in order to avoid 
changes in the polyunsaturated fatty acids. In one case 
both alkaline hydrolysis and methanolysis were used (see 
Table VI, “Blood plasma from 3 blood donors”). The 
principal difference is the higher amount of Cx acids split 
off from sphingomyelin by methanolysis than by alkaline 
hydrolysis. The proportion between linoleate and oleate 
is the same after methanolysis of the phospholipids as it 
is after alkaline hydrolysis, showing that the linoleate is 
not destroyed during methanolysis. This comparison can 
be made because the oleic and linoleic acids constitute 
only 1 per cent each of the sphingomyelin fatty acids. 
After the completion of this investigation, however, it 
became obvious that the content of Cu acids was lower 
than could be expected from the sphingomyelin concentra- 
tion in the phospholipids. In order to get more detailed 
information of the efficiency of the hydrolysis and meth- 
anolysis methods used, sphingomyelin prepared from hu- 
man serum was subjected to alkaline hydrolysis and 
methanolysis. A mixture of 50 mg of sphingomyelin and 
5 mg of heneicosanoic acid was boiled in 0.5 N ethanolic 
potassium hydroxide solution for 2 hours or in 5 per cent 
concentrated H,SO, in methanol for 1, 2, 4 and 8 hours. 
The release of fatty acids from sphingomyelin was studied 
by gas chromatography using heneicosanoic acid as inter- 
nal standard. During alkaline hydrolysis 20 to 25 per 
cent of the fatty acids were split off. Methanolysis for 
1, 2, 4 and 8 hours split off 33, 50, 75 and 92 per cent of 
the fatty acids, respectively. The mean molecular weight 


of the fatty acids in human plasma sphingomyelin was 


found to be 326. Thus the fatty acids calculated as 
methyl esters should amount to 44 per cent of the 
sphingomyelin if the methanolysis is complete. The 
sphingomyelin constituted about 20 per cent of the phos- 
pholipids in serum. Since the sphingomyelin fatty acids 
amount to only about 10 per cent of the total phospholipid 
fatty acids, about 92 to 95 per cent of these acids are 
included in the present gas chromatographic analysis. 
Gas chromatography. For gas chromatography (14, 
15) Perkin-Elmer gas fractometers with thermistor ther- 
mal-conductivity cells as detectors were used. A Hew- 
lett-Packard 425 A, direct current amplifier was used to 
amplify the detector voltage before recording. The outlet 
system of the apparatus had been modified to permit 
collection of fractions of substances with a high boiling 
point. For a good separation of substances with a high 
molecular weight it was necessary to increase the tem- 
perature of the injection block to about 30 to 40° C above 
the temperature of the column. The mixtures of the 
methyl esters of the fatty acids were analyzed on two 
stationary phases, viz., silicone (Dow-Corning high vac- 
uum grease) and Reoplex 400 (Geigy) (16, 17). The 
silicone column packing consisted of 30 parts by weight 
of stationary phase to 100 parts of solid support (Sil-O- 
Cel, 50 to 75 mesh) which had been pretreated with acid 
and alkali and carefully washed with water. Before 
packing, the silicone column filling was heated at 330° C 
for 1 week in a slow stream of nitrogen (18). The 
silicone column (3 m) had about 2,800 theoretical plates 
for methyl stearate. Celite, 80 to 100 mesh, pretreated in 
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Cholesterol 
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500 2000 2500 
Fic. 2. THE SEPARATION OF THE PLASMA LIPID COMPONENTS BY SILICIC ACID CHROMATOGRAPHY. The following 
solvents were used: A, light petroleum, bp 60 to 85° C with 1 per cent diethyl ether; B, light petroleum with 8 per 
cent diethyl ether; C, light petroleum with 25 per cent diethyl ether; D, diethyl ether; E, methanol. 
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Fic. 3. GAs CHROMATOGRAM ON SILICONE OF THE FATTY ACID METHYL ESTERS OBTAINED FROM PLASMA PHOSPHO- 
Lipps. The figures at the peaks denote the number of carbon atoms in the fatty acids. The methyl esters of the Cz 
acids are separated into two peaks, the first representing polyunsaturated acids, the second representing monounsat- 
urated and saturated acids. 
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Fic. 4. GAs CHROMATOGRAM ON REopLEX 400 OF THE 
METHYL ESTERS OF THE Cx FATTY ACIDS (COLLECTED BE- 
TWEEN THE SHORT VERTICAL LINES SHOWN IN FIGURE 3) 
FROM PHOSPHOLIPIDS. 1A, 2 A, 3A and so forth, denote 
the number of double bonds. The esters of the Coo acids 
are contaminated with traces of those of Cis and Cis acids. 


the same way as Sil-O-Cel was used as supporting 
medium in the Reoplex column. The same proportion by 
weight between stationary phase and solid support was 
used as that in the silicone packing. The Reoplex col- 


umns were preconditioned by heating at 240°C in a 
stream of helium (60 to 80 ml per minute) for at least 
20 hours in order to minimize the bleeding and to shorten 
the retention times. The Reoplex column used (2 m) had 
2,500 to 3,000 theoretical plates (for methyl stearate). 
On silicone the methyl esters separate principally accord- 
ing to the chain length, although the unsaturated esters 
have a shorter retention time than the saturated ones 
(Figure 3). Reoplex 400 gives a good separation of the 
unsaturated esters, the retention time increasing with the 
number of double bonds. Fractions containing acids of 
the same chain length were collected from the silicone 
column and injected into another apparatus containing a 
Reoplex column. The composition of the mixtures was 
calculated from the silicone curves and from the fractions 
analyzed on Reoplex (Figures 3 and 4). For identifica- 
tion of the peaks, logarithmic retention diagrams of the 
type shown in Figure 5 were used. As can be seen in 
this figure the methyl ester of eicosapentaenoic acid and 
docosenoic acid have the same retention time. The same 
is true for methyl docosapentaenoate and methyl! tetra- 
cosenoate. These esters, however, separate on silicone. 
This separation can now be performed on polyesters other 
than Reoplex (17, 19). 

Synthetic mixtures of methyl esters of saturated fatty 
acids from Cis to Cw were analyzed on silicone. There 
was good agreement between the observed values and the 
theoretical weight percentage composition (see Table IT). 
Methyl esters of the fatty acids obtained from plasma 
cholesterol esters, triglycerides and phospholipids were 


relative to methyl stearate 


Log, retention time 


Stationary phase Reoplex 400 
Temperature 235-240 °C 


14 


24 28 


Number of carbon atoms of acid 


Fic. 5. 


RELATIVE TO METHYL STEARATE ON REopLEX 400 at 235 To 240° C. 
straight chain fatty acids and the upper line represents monounsaturated esters. 


double bonds. 


RELATIONSHIPS BETWEEN THE NUMBER OF CARBON ATOMS OF THE FATTY ACIDS AND LOGio RETENTION TIME 


The lower line represents esters of saturated 
The figures denote the number of 
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TABLE II 


Gas chromatographic analysis on silicone of a synthetic mix- 
ture with approximately the same composition as the hydro- 
genated fatty acids from phospholipids (percentage 
composition) 


Observed values 


Theoret- 

3 Repeated ical com- 

injections Mean position 
Cis 29.0 30.0 29.6 29.5 28.9 
Cis Si.3 50.8 50.5 50.9 51.3 
Coo 10.3 12.0 12.1 11.5 12.4 
Coo 7.8 7.4 7.4 


separated on silicone before and after hydrogenation. As 
can be seen in Table III, somewhat lower figures were 
found for the Cx and Cx fatty acids before hydrogenation, 
indicating a partial loss of the unsaturated acids. When 
the fatty acid composition was calculated from gas chro- 
matographic analyses on silicone without hydrogenation, 
correction factors for the Coo and Cx acids amounting to 
10 and 15 per cent of the found values, respectively, were 
used. These correction factors have been evaluated from 
many experiments. When mixtures of methyl stearate 


TABLE III 


Gas chromatographic analysis of plasma lipid fatty acids on a 
silicone column before and after hydrogenation (percentage 


composition) 
Cholesterol 
esters Triglycerides Phospholipids 
Before After Before After Before After 
Cie 1.0 0.6 
Cis 2.1 LS 3.9 3.4 1.0 1.1 
16 15.2 15.4 28.9 28.6 S69 30.2 
Cis 14 75.2 60.3 60.3 46.8 46.6 
Coo 6.5 6.9 3.4 3.8 41.7 13.0 
Coz 0.6 1.0 2.6 6.1 1.2 
C23 0.2 0.4 
Coy 2.1 
RESULTS 


The plasma lipid levels of the diabetic patients 
and the control subjects are given in Table IV. 
A typical elution curve from a separation on silicic 
acid is shown in Figure 2. A small peak of yellow 
material, probably carotene, appeared first. The 
colorimetric determinations showed that there 
were no glycerides in the cholesterol ester peak, 


and methyl linoleate were analyzed on Reoplex columns, 
98 per cent of the linoleate was recovered. We used a 
Reoplex column with short retention times to minimize 


neither was there any cholesterol in the triglycer- 
ides. In the cholesterol esters and in the triglycer- 
the loss of polyunsaturated Cx and Co fatty acids. To ide fraction the more saturated components were 
achieve a better separation, the Cis fatty acid methyl es- found to come first and the more unsaturated ones 
ters were analyzed at a lower temperature, 200 to 210°C. | were concentrated in the tail of the peaks. Among 


TABLE IV 
Plasma lipid levels of normal control subjects and of patients with diabetes 


Cholesterol 
Total Phospho- Trigly- Free fatty 
Subjects Age Sex lipids Total Free lipids cerides acids 
mg/100 ml me/100 ml mg/100 mg/100 mi 

Normal cases: 

W.J.M. 38 M 640 204 58 170 121 17.0 

Be 28 M 706 282 90 221 61 13.7 

E.H. 23 M 591 204 62 209 58 16.8 

Blood plasma 

from 3 blood 23 M 527 212 64 217 113 19.7 

donors 

K.H.H. 23 M 474 217 72 168 29 28.0 
Mean 588 224 69 197 76 19.0 
Vegetarian : 

a 26 M 424 128 43 150 76 19.0 
Diabetics: 

J.O.E 20 M 1,233 305 96 352 390 26.6 

A.B 25 M 1,120 438 142 343 98 48.0 

B.J 29 M 830 206 85 300 179 36.7 

H.0.S 20 M 520 141 62 212 62 11.8 

LOS 20 M 600 209 107 235 68 26.3 

G.B 36 F 1,145 275 113 355 318 43.7 

Y.R 42 M 942 387 109 323 99 32.4 
Mean 913 280 102 303 173 32.2 
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TABLE V 
Fatty acid composition of cholesterol esters 


Subjects 


Coz 
Cro Coo pentaene + 
tetraene pentaene hexaene 


Cw Cis Cis Cis 
sat. monoene diene triene 


Normal cases: 


E.H. 

Blood plasma 
from 3 blood 
donors 
K.H.H. 


Mean 

Vegetarian: 
B.J. 

Diabetics: 


22.9 
22:7 
20.2 
21.3 
28.9 


23.2 


44.5 
48.6 
45.6 


47.9 


44.7 
46.2 


2.1 


the saturated esters, those with long chains were 
found to move faster than those with shorter 


chains. 

Immediately after the triglycerides followed a 
small peak containing lipids with titratable acidity, 
the free fatty acids. The next peak, eluted by 25 
per cent of diethyl ether in light petroleum, con- 
tained free cholesterol. Sometimes two small 
peaks giving glycerol reaction surrounded the 
cholesterol peak, The first one was probably di- 
glyceride and the second monoglyceride, as de- 
scribed by Hirsch and Ahrens (13). Upon ad- 
dition of methanol, the cephalins leave the column 
in the first peak. This peak also contains phos- 
phorus free lipids, viz., cerebrosides and sulfatides, 
as could be demonstrated by paper chromatog- 
raphy (20). The second large peak consisted 
mainly of lecithin and sphingomyelin. The 
sphingomyelin and lysolecithin were found in the 
tail of the peak. This could be established by 
paper chromatography of the lipids and by analy- 
sis of the fatty acids for sphingomyelin. 

The results of the plasma fatty acid analysis 
in the present investigation are shown in Tables 
V, VI, and VII. It can be seen that no definite 
difference between healthy individuals and dia- 
betics on comparable diets was found. On the 
contrary, there was a remarkable similarity be- 


tween the two groups. Striking differences were 
noted, however, in the levels of the various lipid 
fractions, as can be seen in Table IV. The dia- 
betic group had a significant increase in the total 
lipid, cholesterol, phospholipid, triglyceride and 
FFA fractions. 

One of the healthy individuals studied (B.J.) 
had been a vegetarian for several years. During 
the last six months he had included 40 to 60 g of 
corn oil daily in his diet. Among the different 
plasma lipid fractions, the highest increase of 
linoleic acid was found in the triglycerides. Lino- 
leic acid constituted 39 per cent of the triglyceride 
fatty acids in this case as compared to 11 per cent 
in the other healthy individuals (Table VI). In 
the cholesterol esters the increase was from 46 to 
61 per cent and in the phospholipids from 21 to 29 
per cent. Our results thus confirm the findings of 
Ahrens and co-workers (21) that the phospho- 
lipids appear to have the most constant fatty acid 
pattern of any serum lipid group. The triglycer- 
ides and cholesterol esters more strongly reflect 
the changes in dietary fats. 

The results of the fatty acid analysis in the dif- 
ferent plasma lipid fractions have been used for 
studying the validity of the conventionally used 
factors for calculation of the amount of cholesterol 
esters from cholesterol determination, triglycerides 
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from glycerol, and phospholipids from phosphorus 
determination. The mean molecular weight of 
the fatty acids of the cholesterol esters was found 
to be 276 and of the triglycerides 272. The fac- 
tor for calculating the phospholipids from phos- 
phorus analysis was checked by comparison with 
the gravimetric determinations of the phospho- 
lipids after chromatographic separation. This 
factor was found to be 25. 


DISCUSSION 


In order to avoid cases with senile athero- 
sclerotic vascular disease, juvenile diabetics and 
one middle-aged patient with adult diabetes were 
selected for this study. Three of the patients 
studied had early signs of vascular complications 
in different organs and four had signs of more 
advanced complications. When the lipid analyses 
were performed rapid progression of the vascular 
complications was present in most of the patients. 
Therefore, it seems reasonable to assume that 
changes in the fatty acid composition of the plasma 
lipids should have been demonstrable in these pa- 
tients if such changes really were of pathogenic 
significance in diabetic vascular disease. 

The knowledge of the disturbances of the lipid 
metabolism in diabetes is only fragmentary. It is 
clear from many lines of research that the syn- 
thesis of both cholesterol and fatty acids is greatly 
influenced by the metabolism of glucose (22, 23). 
Decreased synthesis both of fatty acids and cho- 
lesterol is reported in diabetes and the cause of 
this lipogenetic defect was recently discussed by 
Siperstein and Fagan (23). The finding that the 
FFA in plasma often are abnormally high, even 
in well controlled diabetic patients (5), indicates 
an abnormally high mobilization of fatty acids 
from fat depots in diabetes. As has been men- 
tioned earlier, other plasma lipid fractions also, 
especially the triglycerides, are often found to be 
abnormally high in diabetics. According to our 
experiences, the postabsorptive plasma lipid level 
shows greater variability from day to day in dia- 
betics than it does in healthy individuals. 

Atherosclerosis is a metabolic disease in which 
altered lipid metabolism seems to play an impor- 
tant role. Numerous investigators have studied 
the levels of the plasma lipids in individuals with 
atherosclerosis during middle age and found an 
elevated plasma lipid level to be a cardinal sign of 
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the disease. The disturbances of the lipid metabo- 
lism in diabetes and the tendency to hyperlipemia 
have been proposed to be the pathogenic factors 
responsible for the high frequency of atherosclero- 


sis among diabetics. 

Dietary fats rich in polyunsaturated fatty acids 
have been found to decrease the plasma lipid 
level and to have a prophylactic and therapeutic 
effect on atherosclerosis in experimental animals 
(24). Some investigators have therefore proposed 
that there might be a deficiency of polyunsaturated 
fatty acids in patients with atherosclerosis. How- 
ever, in a study of the plasma fatty acid composi- 
tion of the phospholipids and of the acetone-sol- 
uble fraction of plasma lipids, James, Lovelock, 
Webb and Trotter (25) failed to demonstrate any 
difference between healthy individuals and_pa- 
tients with ischemic heart disease. In the present 
investigation of diabetics with vascular compli- 
cations a more detailed analysis of the fatty acids 
in the different plasma lipid fractions has been 
performed. The separate analysis of the triglycer- 
ide fraction seems to be of special interest, since 
this fraction is often elevated in the plasma of 
diabetics when cholesterol esters and phospholipids 
lie within normal limits. 

The present investigation has demonstrated that 
diabetics and healthy individuals of the same age, 
on comparabie diets, have the same plasma fatty 
acid composition. These observations contradict 
the hypothesis that a deficiency of polyunsaturated 
fatty acids is an essential factor in the pathogenesis 
of the vascular complications in diabetes. It is 
more probable that the increased levels of the dif- 
ferent plasma lipid fractions play an important 
role. The largest percentage increase was found 
for the triglycerides, which is in accordance with 
earlier findings (6). The dietary management of 
diabetes must be directed toward a normalization 
not only of the blood sugar level but also of the 
blood lipid level. 


SUMMARY 


The fatty acid composition of cholesterol esters, 
triglycerides and phospholipids was studied by 
gas chromatographic analysis in seven diabetics 
with vascular complications and in seven healthy 
individuals of the same age on a similar diet. 
The fatty acid composition of the different plasma 
lipids was found to be remarkably similar in the 
two groups. The only pathological plasma lipid 


% 
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finding demonstrable in the diabetics was an ab- 
normally high plasma lipid level in some cases. 

During chromatogarphy on silicic acid the more 
saturated cholesterol esters and triglycerides were 
found to move faster than the more unsaturated 
ones. 

The accuracy of the conventionally used factor 
of 25 for calculating phospholipids from phos- 
phorus determinations was substantiated. In the 
average subjects the mean molecular weights of 
the cholesterol ester fatty acids and triglyceride 
fatty acids were found to be 276 and 272, re- 
spectively. 

In an additional study of the plasma lipids of a 
healthy vegetarian consuming 40 to 60 g of corn 
oil per day, the most marked increase of linoleic 
acid was found in the triglycerides along with a 
smaller increase in the cholesterol esters. The 


phospholipids were found to have the most con- 
stant fatty acid pattern. 
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THE INFLUENCE OF CORTISONE ON EXPERIMENTAL FUNGUS 
INFECTIONS IN MICE* 
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(From the Infectious Disease Laboratory, Second (Cornell) Medical Division, Bellevue 
Hospital, New York, the National Institute of Allergy and Infectious Diseases, 
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The administration of adrenal glucocorticoids 
is associated with enhancement of many experi- 
mental infections. The pertinent studies have 
been reviewed comprehensively by Kass and Fin- 
land (1). Most experiments in which fungi were 
used as the infecting microorganism have also 
demonstrated an increase in the severity of infec- 
tion when adrenal hormones were injected prior to 
or concomitantly with the fungus (2-9). A few 
studies, however, showed no augmentation of my- 
cotic disease following the administration of ster- 
oids (3, 10-12). 

The investigations on fungi have not provided 
information as to the relative propensity of the 


various species to disseminate under the influence 
of steroids, nor have they offered definitive data 
on the mechanisms of enhancement or on the tis- 
sue localization of increased infection. 

The effects of cortisone on experimental infec- 
tions in mice caused by Histoplasma capsulatum, 
Cryptococcus neoformans, and Candida albicans 


were compared in the present studies. The re- 
sults show that Monilia infections were enhanced 
more readily than infections caused by either of 
the other two fungi. Further bacteriological and 
histological studies were then performed to de- 
lineate the pathogenesis of increased infection in 
candidiasis, and to analyze the effects of cortisone 
when the infecting inoculum was small and when 
steroid treatment was delayed. 

* This work was supported in part by grants from the 
National Institute of Allergy and Infectious Diseases, 
Bethesda, Md. (E-2659), the Charles Pfizer Co., Inc., 
New York, The Health Research Council of New York 
City, The New York Trudeau Society, and Training 
Grant E-6 from the National Institute of Allergy and 
Infectious Diseases. A preliminary report of these studies 
was presented to the Second Conference on Medical 
Mycology held under the auspices of The New York 
Academy of Sciences, January 11 and 12, 1960. 


MATERIALS AND METHODS 


Mice. Two strains of mice were used. In all studies 
on histoplasmosis and cryptococcosis, and in some of the 
Candida experiments, female Swiss albino mice, 17 to 20 g, 
from the National Institutes of Health (NIH) were used. 
Mice of this strain tolerated up to 2.0 mg cortisone per 
day for 28 days without weight loss or other noticeable 
deleterious effects, although some animals failed to gain 
weight during steroid administration. 

In later experiments, male Swiss albino mice 17 to 
20 g, from Carworth Farms (strain CFW) were used. 
Mice of this strain consistently lost weight when 0.5 mg 
of cortisone was administered daily for 5 to 9 days. In- 
crease in the dosage of 1.0 mg daily for 9 days produced 
death in up to 30 per cent of control animals. Experi- 
ments on moniliasis using this strain were included in 
the results after it was determined that death curves 
and tissue populations were similar to those obtained 
with NIH mice in both normal and cortisone-treated 
animals. 

Mice of both strains were variably housed in glass 
jars, or in metal or plastic cages. They were fed mouse 
pellets and water ad libitum. 

Fungus strains. Histoplasma capsulatum, strain 6624, 
was recovered from a patient with disseminated histo- 
plasmosis in 1952. During serial weekly passage at 37° 
C, on blood-cysteine agar, it has not altered in patho- 
genicity for mice, killing at least 80 per cent of animals 
within 30 days following the intravenous inoculation of 
5 * 10° yeast phase cells. 

Cryptococcus neoformans, strain 1148, was recovered 
in 1954 from the cerebrospinal fluid of a patient with 
chronic cryptococcus meningitis. This strain, a large 
capsule strain, has not altered in pathogenicity for mice 
during semi-weekly serial passage on Sabouraud’s agar 
slants incubated at 30° C. After intravenous inocula- 
tion of 2.5 X 10° cells, 90 to 100 per cent of mice die within 
8 weeks with gross hydrocephalus. 

Candida albicans, strain 851, was recovered in 1956 
from the oropharynx of a patient with clinical evidence 
of mucocutaneous moniliasis. It has been maintained by 
serial monthly passage on Sabouraud’s agar slants in- 
cubated at 30° C. There has been no change in mouse 
pathogenicity during this period. Five to 30 per cent 
of mice die within a 4 week period after the intrave- 
nous injection of 5 X 10° cells. When the inoculum is 
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Fic. 1. EFFECT OF CORTISONE ON MORTALITY IN MICE FOLLOWING I. V. INFEC- 


TION WITH 1 X 10° ceLLts or H. CAPSULATUM. Cortisone was administered intra- 
peritoneally daily starting 6 days prior to (pre-infection) or the day following 


infection (post-infection) and was continued for 28 days after infection. 


group consisted of ten mice. 


increased to 10° cells, the majority of mice dies within 7 
days of infection. 

Infection. The infecting dose of H. capsulatum and C. 
neoformans ranged from 3 X 10* to 10° cells per mouse in 
these experiments. The size of the Candida inoculum 
varied from 10° to 5 x 10°. 

Candida and Cryptococcus inocula were emulsified in 
physiological saline from a Sabouraud’s agar slant in- 
cubated for 24 hours at 30° C. Histoplasma inocula were 
emulsified in saline from a 48 hour cysteine-blood agar 
slant incubated at 37° C. The inoculum in each case con- 
sisted almost exclusively of yeast cells which were single 
or in pairs. 

The size of the larger inocula was determined by di- 
rect fungus counts in a Neubauer-Levy hemocytometer. 
The number of fungus cells in smaller inocula was de- 
termined by making Sabouraud’s agar pour plates of 
serial 10- or 100-fold dilutions of the injected suspen- 
sion. Pour plates were incubated at 30° C and colony 
counts were made at appropriate intervals. 

Cortisone. Cortisone acetate was purchased from 
Schering Corporation, Bloomfield, N. J. One-tenth to 
2.5 mg was injected subcutaneously or intraperitoneally 
in a 0.2 ml volume. Cortisone was administered begin- 
ning 2 to 6 days prior to, or starting the day after infec- 
tion, and was continued for 7 to 30 days after infection. 
In studies in which 2.5 mg was administered, however, 
the steroid was only given the day prior to, the day of, 
and the day after infection, since more prolonged treat- 
ment at this dosage produced toxicity and death. 

In two experiments on the effects of delayed treatment, 
administration of 0.5 mg of cortisone was begun 7 days 
after the initiation of infection and was continued for 9 
days. 


Each 


In each experiment one group of 10 uninfected mice 
was given the maximum dose of cortisone used in the ex- 
periment to insure that deaths in infected animals could 
not be attributed to cortisone alone. 

Tissue population studies. The number of fungi in 
tissues was determined in control and cortisone-treated 
mice on the seventh or fifteenth day after infection. In 
early experiments, liver and spleen or liver, spleen and 
kidneys were emulsified together in 5 ml of physiological 
saline, ground with a mortar and pestle, and serially di- 
luted in distilled water. One ml aliquots of appropriate 
dilutions were cultured on the surface of Sabouraud’s 
agar pour plates. 

Liver and spleen were chosen for studies of Histo- 
plasma because there is clear pathological and bacterio- 
logical evidence that these are the organs of maximum 
census following experimental mouse infection (13, 14). 

Liver and spleen were also used for fungus enumera- 
tion in Cryptococcus experiments after it was shown 
that progressive infection occurred in all organs studied 
including liver-spleen (which were combined), lung, kid- 
ney, and brain during the first 2 weeks after infection 
(15). Subsequently, more detailed quantitative studies 
in this laboratory have demonstrated that multiplication 
during the first 2 weeks was somewhat less in the liver- 
spleen than in the lungs, kidney, and brain. It is pos- 
sible, therefore, that the use of the combined liver and 
spleen for fungal census studies in cryptococcosis did not 
represent the most sensitive index of cortisone dissemi- 
nation. 

The kidney was added to the liver and spleen in the 
initial studies on moniliasis because there was consider- 
able histological evidence that the kidney is extensively 
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TABLE I 


Effect of cortisone on intravenous fungus infections in mice 


Fungus Inoculum size 
Candida 104 
albicans 10° 

10° 

Histoplasma 104 
capsulatum 10° 
10° 

107 

Cryptococcus 2 X 104 
neoformans 2 X 105 
2. 10° 


involved in normal animals following intravenous Can- 
dida infection (16, 17). 

In the subsequent studies on the tissue localization of 
Candida infections, serial determinations were made 
separately on liver, spleen, heart, lung, kidneys, and 
brain 15 minutes to 60 days after infection. Organs in 
these later experiments were homogenized in 2 ml of 
distilled water in a Teflon tissue homogenizer (18), and 
Sabouraud’s agar pour plates were made of appropriate 
100-fold dilutions. All pour plates were incubated at 

In some experiments in which tissue census was ex- 
pected to be low, pour plates were made of the original 
undiluted organ homogenate. Control studies demon- 
strated that homogenates of normal mouse organs had no 
fungicidal effect on the growth of Candida. Thus, when 
known numbers of fungi were added to the homogenate, 
mixed thoroughly and enumerated by making pour plates 


100 


Cortisone Cortisone 
Control* (0.1 mg/day)* (0.5-2.0 mg/day)* 
0/10 0/20 0/20 
0/20 0/40 1/40 
3/30 10/60 21/60 
8/70 11/70 59/70 
0/10 2/20 0/20 
1/10 2/20 4/20 
8/10 14/20 14/20 
10/10 10/10 10/10 
1/10 3/20 3/20 
7/10 9/20 10/20 
9/10 15/20 14/20 


of the mixture, the same number of fungi was recovered 
as was inoculated initially into the tissue suspension. 

Blood cultures. Mice were anesthetized with ether and 
bled through the axillary artery. One ml of blood was 
inoculated onto the surface of 20 ml of Sabouraud’s agar 
in a 250 ml flask. Colony counts were made at 7 and 14 
days. 

Observation period. When groups of mice were inocu- 
lated with 10* to 10° cells for determination of mortality 
rates, animals were observed for 26 to 40 days after ini- 
tiation of infection. 

Histological studies. Mice were sacrificed 30 minutes 
to 30 days after intravenous infection with 10° to 10° cells 
of C. albicans. Sections of brain, lung, heart, liver, 
spleen, adrenal, kidney, pancreas and skeletal muscle were 
studied. These were stained with Masson’s trichrome 
stain or by the periodic acid-Schiff (PAS) technique. 

Touch preparations of kidney, liver, lung and muscle 
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Fic. 2. EFFECT OF CORTISONE ON MORTALITY IN MICE FOLLOWING I. V. INFECTION WITH 


2x 10° cetts or C. NEOFORMANS. 


Cortisone was administered intraperitoneally 


daily starting 6 days prior to (pre-infection) or the day following infection (post- 
infection) and was continued for 28 days after infection. 
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Fic. 3. EFFECT OF CORTISONE ON MORTALITY IN MICE FOLLOWING I. V. 


T 


18 22 26 30 
INFECTION 


INFECTION 


witH 5 X 10° ceLLs or C. ALBICANS. Cortisone was administered subcutaneously daily 
for nine days beginning two days prior to (pre-infection) or the day following infection 


(post-infection) . 


lesions were made and were stained with Wright's stain 
or by the PAS technique. 


RESULTS 


The administration 


Histoplasma capsulatum. 
of 0.1 to 2.0 mg daily of cortisone starting six 
days prior to or the day following infection did not 
alter the mortality or speed of death in mice in- 
fected with 10* to 10° cells of H. capsulatum. 

Liver-spleen populations were studied in groups 
of 15 mice 15 days after infection with 3 x 10* 


cells. These were generally similar in cortisone- 
treated and control animals. These findings are 
depicted in Figure 1 which shows the mortality 
rates in an experiment in which animals were in- 
fected with the 10° inoculum. The total mortality 
at each inoculum size in cortisone-treated and 
control mice is summarized in Table I. 
Cryptococcus neoformans. No differences in 
mortality rates or rapidity of death were observed 
between cortisone-treated and control groups fol- 
lowing infection with 2 x 10* to 2 x 10° cells. 
Liver-spleen census was studied 15 days after in- 
fection with 3 x 10° cells. Populations were simi- 
lar in control and in cortisone-treated animals. 
These findings are recorded in Figure 2 which 
depicts the results of an experiment in which ani- 
mals were infected with an inoculum of 2 x 10° 
cells. The total mortality at each inoculum size 


Number of mice in each group is shown in parentheses. 


in cortisone-treated and control mice is included 
in Table I. 

Candida albicans. No increase in mortality was 
observed in cortisone-treated animals after infec- 
tion with 10* or 10° cells. When the inoculum 
was increased to 10°, however, marked modifica- 
tion of the course of the infection was noted in the 
steroid-treated mice. Three of 30 controls (10 
per cent) died during the 30 day observation pe- 
riod. Seven of 40 (17.5 per cent) which were 
given 0.1 mg of cortisone daily died. Twenty-one 
of 60 mice (42 per cent) given 0.5 to 2.0 mg of 
cortisone beginning prior to or one day following 
infection died during the observation period. The 
percentage of deaths in the group treated with 
the large dose of cortisone is significantly dif- 
ferent statistically from the death rate in the con- 
trol group according to the method of chi square 
(p = < 0.05). 

Increase in the inoculum to 5 x 10° produced 
more striking results. Eight of 70 controls (11.4 
per cent) died of infection as did 11 of 70 ‘mice 
(15.7 per cent) treated with 0.1 mg of cortisone 
daily. In contrast, 59 of 70 (82.9 per cent) given 
the large dose of cortisone prior to or one day 
following infection died during the experimental 
period. 

The experiments employing an inoculum of 
5 x 10° cells per mouse are summarized in Figure 
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3. It may be seen that the mortality rate was 90 
per cent in mice given 0.5 mg of cortisone two days 
prior to infection as compared to 70 per cent in 
animals in which treatment was begun one day 
after infection. These differences, however, are 
not statistically significant. 

The over-all mortality observed during the ex- 
perimental period at each inoculum size in normal 
and in steroid-treated animals is recorded in 
Table I. 

The results of studies on the combined liver- 
spleen-kidney populations of mice infected with 
10° cells supported the experiments on gross mor- 
tality rates. 

Twenty-one of 25 control mice had small tissue 
populations at the time of sacrifice ranging from 
0 to 3.0 x 10° per ml. In the other four, fungus 
census was between 10* and 10° per ml. Tissue 
census was not significantly different in mice given 
0.1 mg of cortisone. 

In contrast, 24 of 25 mice given 0.5 to 2.0 mg 
of cortisone had tissue fungus census which was 
greater than 10° per ml, and which in most titers 
was greater than 10° per ml. The differences be- 
tween tissue populations in control mice and ani- 


mals given the large dose of cortisone are highly 
significant (p = < 0.01). 

Thus, the administration of large amounts of 
cortisone produced a marked increase in the mor- 
tality and tissue census following infection with 
C. albicans but did not enhance infections due to 


H. capsulatum or C. neoformans. The studies 
summarized below were then performed to deline- 
ate the site of maximum Candida infection in nor- 
mal mice and to determine the effects of steroid 
administration on Monilia populations in the vari- 
ous organs. 

Tissue census studies in normal mice infected 
with 10° to 5 X 10° cells of C. albicans. Kidneys 
were studied in 186 animals, liver in 77, lungs in 
49, heart in 45, brain in 38 and spleen in 20. The 
kidney was the only organ in which progressive 
fungus multiplication was observed. 

When 10° cells were injected, kidney popula- 
tions ranged from 8 x 10° to 5.3 x 10° 15 min- 
utes after inoculation. No significant change was 
observed during the next 24 hours. Kidney 
fungus census increased more than tenfold above 
2 standard deviations from the mean observed 15 
minutes to 24 hours after infection in 8 of 56 mice, 
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or approximately 14 per cent studied over the next 
30 days. However, a progressive decrease was 
observed in the number of fungi recovered from 
the kidneys of most mice. In 13 of 21 animals 
studied 14 to 30 days after the initiation of infec- 
tion no Candida was detected in renal homogenates. 

When the inoculum was increased to 5 x 10° 
cells, kidney populations were somewhat higher 
initially, ranging from 5.8 x 10* to 1.6 x 10°. 
Approximately 11 per cent of normal mice which 
were infected with this inoculum died, and in 
these animals there was evidence of progressive 
renal infection. In 7 of 61 survivors (11.5 per 
cent), sacrificed 7 to 30 days after inoculation, the 
number of Monilia in the kidneys had increased 
more than tenfold above 2 standard deviations 
from the mean census observed during the first 24 
hours. Renal Candida populations in the other 54 
animals tended to remain stationary during the 
first two weeks of infection, then fell in some ani- 
mals so that 12 of 26 examined 30 days after in- 
fection demonstrated virtual clearance of the in- 
fection from the kidneys. 

Bacteriological events in the other tissues stud- 
ied were considerably different. Fungus popula- 
tions were approximately tenfold greater in the 
liver immediately after infection. Monilia census 
did not change significantly in the liver, spleen, 
heart, lungs and brain during the initial 24 hours 
after inoculation, but then fell progressively in 
each of these organs, so that one week after infec- 
tion populations were almost invariably small 
both in mice infected with 1X 10° cells and in 
those inoculated with 5 « 10° cells. No fungi 
could be detected in these organs two weeks after 
infection. 

In summary, there was evidence of progression 
of infection within the kidneys in 14 to 22.5 per 
cent of mice infected with 1 x 10° to 5 x 10° cells. 
No increase in tissue census was observed in the 
other organs studied. Clearance of the infection 
was also slower in the kidneys than in the other 
tissues examined. 

Tissue populations in cortisone-treated mice in- 
fected with 1 X 10° cells of C. albicans. Cortisone 
was administered subcutaneously in daily dosage 
of 0.5 mg beginning two days prior to infection 
and was continued for six days after the initiation 
of infection. The inoculum size of 10° cells was 
chosen because it was the largest inoculum at 
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@ CORTISONE 


LOG NO. CANDIDA IN KIDNEYS 


15° HRS 24 HRS 


TIME AFTER 


14 DAYS 
INFECTION 


Fic. 4. THE EFFECT OF CORTISONE ON MOUSE KIDNEY POPULATIONS FOLLOWING INTRAVENOUS 


INFECTION WITH 10° CELLS oF C. ALBICANS. 


Cortisone was administered subcutaneously daily 


in dosage of 0.5 mg starting two days prior to infection. 


which deaths from cortisone enhancement were 
rare. Thirty-day tissue population studies could, 
therefore, be performed readily. 

Kidney populations were determined in 90 
mice treated with cortisone over the 30 day pe- 
riod. Renal census was similar in control and in 
cortisone-treated mice 15 minutes to 4 hours af- 
ter inoculation, and ranged from 5 x 10° to 5.2 x 
10°. Twenty-four hours after infection, popula- 
tions were generally somewhat larger in steroid- 
treated mice. These differences are statistically 
significant at the 5 per cent level. Thereafter, 
cortisone-treated mice invariably demonstrated 
marked increase of infection within the kidneys. 
At the termination of cortisone treatment renal 
census ranged from 1 x 10° to 4.1 x 10°. Kidney 
titers remained high seven days after stopping cor- 
tisone in all mice studied but diminished in four of 
ten animals examined 23 days after stopping 
steroid treatment. 

These findings stand in striking contrast to the 
kidney populations observed in control mice. As 
indicated above, increasing kidney titers were ob- 


served in only 14 per cent of animals infected with 
1 X 10° cells and in most mice there was a progres- 
sive decrease in the numbers of Monilia in the kid- 
These studies are summarized in Figure 4. 
Bacteriological events were markedly different 


neys. 
in the liver, lungs, heart, spleen and brain. Pop- 
ulations were similar in cortisone-treated and con- 
trol mice 15 minutes to 24 hours after infection. 
Candida clearance was delayed in mice treated 
with cortisone. Thus, Monilia census at the ter- 
mination of steroid treatment was commonly sim- 
ilar to that observed immediately after the initia- 
tion of infection. In no animal, however, was there 
evidence of progression of infection within the 
liver, spleen, lungs, or brain, and in each of these 
tissues the fungus was rapidly cleared as soon as 
cortisone treatment was stopped. These findings 
are shown in Figure 5 in which the effects of 
cortisone on liver and lung populations are sum- 
marized, the results being similar in the spleen 
and brain. 

Candida census rose more than 2 standard devia- 
tions above mean values observed during the first 
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24 hours of infection in 2 of 40 hearts. In the 
other 38 mice, clearance was delayed during cor- 
tisone administration but no progression of infec- 
tion was observed. 

Studies on moribund animals dying within the 
first week of infection. The studies detailed above 
indicated that cortisone enhancement of moniliasis 
in mice was usually associated with increase in in- 
fection only in the kidneys. In an effort to see if 
fungus multiplication could be induced in other 
organs, mice were infected with 5 x 10° cells and 
were sacrificed for tissue population studies if they 
became moribund during the first 7 days of infec- 
tion. Cortisone regimens in these studies consisted 
of 0.5 mg daily, starting two days prior to infection 
and continuing until sacrifice, or 2.5 mg the day 
prior to, the day of, and the day after infection. 

The results of these studies are depicted in Fig- 
ure 6 in which populations observed when mice 
were moribund are compared with populations 
found 4 hours after infection. 

Kidney populations 4 hours after infection varied 
from 4.8 x 10* to 3.0 x 10° and rose to 7.84 x 10° 
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to 1.7 x 108, the average increase being 500-fold. 

Heart census ranged from 2.3 x 10* to 3 x 10° 
4 hours after infection and increased to 9 xX 10* to 
3 X 10° when mice were terminally ill. The mean 
increase was 17 times the 4 hour titer. Lung 
populations varied from 2.2 x 10* to 1.2 x 10° 4 
hours after inoculation. The numbers of Candida 
in the lungs of moribund mice ranged from 3.54 
x 10* to 2.8 x 10°, the average increase being only 
fourfold. 

Liver census 4 hours after infection varied from 
2 x 10° to 6 X 10°. Populations in moribund mice 
had increased an average of 2.5 times and ranged 
from 8.4 x 10* to 2.16 x 10°. 

Brain census varied from 3.3 x 10* to 5.8 x 10* 
4 hours after infection and ranged from 3.1 x 10* 
to 8 x 10° when animals were terminally ill, an 
average rise of fivefold. 

Thus, even in mice dying rapidly of overwhelm- 
ing candidiasis, cortisone enhancement was limited 
almost exclusively to the kidneys. Liver, lung and 
brain populations showed only a minimal increase 
and heart census rose moderately. Whether the 
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Fic. 5. E¥FFEcT OF CORTISONE ON LIVER AND LUNG POPULATIONS IN MICE INFECTED I. V. WITH 


10° cELLS oF C. ALBICANS. 
per day starting two days prior to infection. 


Cortisone was administered subcutaneously in dosage of 0.5 mg 
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O CONTROL 4HRS. POST-INFECTION 
@ CORTISONE WHEN MORIBUND 4-7 DAYS 


CANDIDA PER ORGAN 


LOG NO 


LUNG LIVER BRAIN HEART KIDNEYS 


Fic. 6. TisSuE POPULATIONS IN CORTISONE-TREATED 
MORIBUND ANIMALS DYING DURING THE FIRST SEVEN DAYS 
OF INFECTION WITH 5 X 10° CELLS oF C. ALBICANS. 


small increases in heart, lung, liver and brain 
census actually represented multiplication of the 
fungus within these tissues was uncertain, since 
moribund mice invariably demonstrated fungemia 
which ranged from 20 to 300 cells per ml of blood. 

Effect of delaying cortisone treatment. The ef- 
fects of cortisone were markedly reduced when 
treatment was delayed. When the hormone was 
administered prior to infection with 5 x 10° cells, 
27 of 30 mice (90 per cent) died during the ob- 
servation period. When treatment was begun the 
day after infection mortality was slightly dimin- 
ished, 14 of 20 (70 per cent) animals dying within 
30 days (see Figure 3). Delay in starting corti- 
sone until 1 week after infection further reduced 
the mortality to 3 of 17 mice (17.2 per cent). This 
latter figure was not significantly different from 
the 11.7 per cent death rate observed in control 
mice infected with 5 x 10° cells. 

An analysis of tissue populations confirmed the 
studies on mortality rates. When 0.5 mg cortisone 
was administered prior to infection with 10° to 
5 x 10° cells, the average rise in renal census dur- 
ing the initial seven days of infection was 1,495- 
fold. Delay until the infection was established for 
24 hours decreased the extent of enhancement so 


that kidney populations rose only an average of 386 
times the mean census observed immediately after 
infection. 

If cortisone was withheld until the infection was 
seven days old the effects of the steroid were re- 
duced further, the mean increase in renal census 
being only 49-fold. Thus, the time of administra- 
tion of cortisone appeared to be of major impor- 
tance in the degree of augmentation of infection. 

The effects of cortisone in mice challenged with 
small inocula of C. albicans. Infections due to C. 
albicans in man are probably initiated with small 
numbers of fungi. It seemed important, therefore, 
to determine whether cortisone could significantly 
increase tissue populations under experimental 
conditions in which the infecting inoculum was 
small. 

Two experiments were performed in which mice 
were infected with 10° cells and were treated with 
0.5 mg cortisone daily beginning two days prior 


Fic. 7. BuppinG ForM oF C. ALBICANS SURROUNDED BY 
NEUTROPHILS IN A CORTICAL CAPILLARY OF THE KIDNEY OF 
A CORTISONE-TREATED MOUSE 6 HOURS AFTER I. V. INOCULA- 
TION WITH 10° orGANISMs. (X 2,100; PAS-hematoxylin.) 
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Fic. 8. INTERSTITIAL LESION (MICROABSCESS) IN THE 
CORTEX OF A KIDNEY OF A CORTISONE-TREATED MOUSE 24 
HOURS AFTER I. V. INJECTION WITH 10° ORGANISMS. Pro- 
liferating fungi are surrounded by polymorphonuclear 
leukocytes. The inflammatory cells and fungi in the 
expanding lesion compress the surrounding tubules. 
(X 1,200; PAS-hematoxylin. ) 


to infection and continuing for nine days. Renal 
census was determined at the termination of cor- 
tisone treatment. 

Kidney populations varied from 0 to 3 x 10' 4 
hours after infection. Seven days after infection 
renal census was less than 10' in 8 of 10 control 
animals and less than 10* in all 10. On the other 
hand kidney populations were greater than 10° in 
7 of 11 cortisone-treated animals and were greater 
than 10° in 5 of these 7. There was then clear evi- 
dence that cortisone could cause marked increase in 
infection even if the inoculum was small. 

Histological studies on normal mice. The initial 
lesions were similar in all tissues following intra- 
venous inoculation. Fungal spores were trapped 
in the capillaries of the lungs, liver, spleen, heart, 
pancreas, adrenals, skeletal muscle and kidneys. 
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Touch preparations showed that as early as 0.5 
hour after injection, neutrophils, and macrophages 
had phagocytized some spores. Others were found 
free within the capillaries as late as 24 hours after 
inoculation. 

Four hours after infection, budding and hyphal 
forms, often surrounded by neutrophils, had begun 
to appear within the vessels (Figure 7). As 
growth continued, the hyphae broke through the 
capillary wall into the interstitial tissues. There- 


after, necrosis occurred, and this was accompanied 
by a more intense cellular response, which reached 
a peak in from 24 to 30 hours with formation of 
frank abscesses (Figure 8). 
curred in the liver, kidney, pancreas, heart and 
skeletal muscle, but only rarely in the lungs, and 


Micro-abscesses oc- 


never in the spleen or adrenals. 
In all organs except the kidneys, the lesions 


invariably regressed. By the third day, they were 


Fic. 9. A GROWING HYPHAL FORM OF C. ALBICANS 
RUPTURING INTO THE LUMEN OF A PROXIMAL CONVOLUTED 
TUBULE IN THE KIDNEY OF A CORTISONE—-TREATED MOUSE 
24 HOURS AFTER INOCULATION WITH 10° ORGANISMS. 
1,200; PAS-hematoxylin. ) 
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generally inapparent or marked by small accumula- 
tions of histiocytes, in which fungi were seldom 
seen. 

In the kidneys the interstitial lesions also com- 
monly regressed, but progression of the lesions 
was occasionally observed. Such progression was 
associated with rupture by the fungus through the 
walls of both cortical and medullary tubules or 
glomerular tufts into the lumina of the nephrons 
(Figure 9). 

Once within the lumen of the tubule the fungi 
multiplied rapidly and grew proximally and dis- 
tally (Figure 10) forming long hyphal elements. 
Growth in this apparently protected site was not 
associated with the inflammatory response which 
was so prominent in the interstitium. Polymorph- 
onucleat '2ukocytes were carried into the tubules 
with the fungi. These became pyknotic and 


Fic. 10. Rapp INTRATUBULAR GROWTH OF C. ALBICANS 
WITHIN THE LUMEN OF A DISTAL CONVOLUTED TUBULE OF 
THE KIDNEY OF A CORTISONE-TREATED MOUSE 24 HOURS 
AFTER I. V. INOCULATION WITH 10° oRGANISMs. Growth 
within the tubule is unaccompanied by polymorphonuclear 
leukocytic response. (X 675; PAS-hematoxylin. ) 
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karyorhectic. No further polymorphonuclear in- 
filtration occurred during this stage in the develop- 
ment of the lesion, despite the extensive intra- 
luminal multiplication of Monilia. 

Mycelial casts with or without necrotic poly- 
morphonuclear leukocytes were washed into the 
medulla and were caught in the loops of Henle or 
collecting tubules. There the fungi continued to 
grow rapidly and, as in the lumina of the cortical 
tubules, at first without cellular response. 

Within 24 hours of the time of inoculation, how- 
ever, many of the large hyphae growing within the 
tubules had once more broken out into the inter- 
stitium and adjacent nephrons. The reappearance 
of the fungus in the interstitium was associated 
with an intense inflammatory response. This time 
the larger hyphal elements formed the foci of much 
more intense and destructive cortical and medul- 
lary abscesses than had been produced when the 
growing spores first penetrated the capillary wall. 

In the occasional control animal in which this 
type of progressive lesion developed, but which 
nevertheless survived beyond the third day after 
infection, the large cortical abscesses regressed. 
The lesions became localized by the accumulation 
of many macrophages and proliferating fibrous 
tissue at their peripheries. The hyphae and spores 
were ingested by the macrophages, became frag- 
mented, lost their staining characteristics, and 
gradually disappeared. By 14 days after inocula- 
tion, such lesions were only identified by cellular 
scars in the cortex. 

Pathogenesis of the lesions in cortisone-treated 
mice. Early lesions caused by the fungus were 
similar to those described in control animals. By 
the methods used, polymorphonuclear infiltration 
and phagocytosis appeared to occur with equal 
rapidity in cortisone-treated and control mice. The 
subsequent lesions observed 4 to 48 hours after 
infection were more florid and more numerous, 
however, in all organs examined in the mice 
treated with cortisone. The interstitial abscesses 
in the liver, kidney, pancreas, heart, and skeletal 
muscle had by 24 to 48 hours reached greater 
dimensions. They contained more neutrophils and 
fungi, either viable or disintegrating, and involved 
the destruction of more parenchymal cells. 

The renal lesions invariably progressed. Rup- 
ture of the fungus into the tubular lumen occurred 
far more extensively than in control animals, and 
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Fic. 11. A KNOT OF PROLIFERATING HYPHAE BREAKING 
FROM THE LUMEN OF A COLLECTING TUBULE INTO THE 
INTERSTITIAL TISSUE OF THE RENAL MEDULLA OF A CORTI- 
SONE-TREATED MOUSE 24 HOURS AFTER I. V. INOCULATION 
witH 10° orcanisms. 1,200; PAS-hematoxylin.) 


was followed by rapid intratubular growth unasso- 
ciated with intratubular inflammatory response. 
Within 24 hours, the fungi growing within tubules 
had again penetrated the tubular walls to break 
back into the interstitium. Polymorphonuclear 
response to this recurrent interstitial invasion was 
intense with the production of large destructive 
cortical and medullary abscesses. The burgeoning 
mycelial knot that developed from the rapid intra- 
tubular growth of the fungi and then broke out into 
the interstitium appeared much less susceptible to 
phagecytosis than did the yeast cells and the 
isolated pseudomycelial growths that had broken 
into the tubules (Figure 11). 

In the kidneys of cortisone-treated mice at 24 
hours, then, there was a large number of cortical 
and medullary abscesses, as well as a smaller num- 
ber of blood-borne interstitial lesions and _prolif- 
erating intratubular casts in the medulla. 
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By the third day, and thereafter until the seventh 
day, retrograde and lateral spread of these lesions 
led to the production of subcapsular granulomas 
and infarct-like lesions (Figure 12). Large masses 
of mycelia grew from the papillae into the calyces. 
Parenchymal abscesses took the form characteristic 
of mycetomal lesions with a central mycelial knot 
surrounded by a wide zone of polymorphonuclear 
leukocytes and a periphery of macrophages, lym- 
phocytes, fibroblasts, and occasional giant cells. 

From the third to the seventh day new lesions 
appeared in the kidneys of the cortisone-treated 
mice but not in those of the control mice. Dis- 
covery of eroded walls of veins at the periphery 
of abscesses in steroid-treated animals suggested 


MULTIPLE LESIONS IN THE KIDNEY OF A CORTI- 
SONE-TREATED MOUSE 7 DAYS AFTER I. V. INOCULATION 
witH 10° orGANIsMs. Large mycelial masses (black 
areas) are surrounded by an inner zone of polymorpho- 
nuclear leukocytes and by an outer zone of macrophages 
and fibroblasts. Wedge-shaped, infarct-like lesions are 
distributed throughout the cortex. Fungi grow from the 
parenchyma of the medulla into the lumen of the pelvis. 
(X 12; PAS-hematoxylin.) 
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a means by which the continued dissemination of 
the infection took place. 

In the mice that survived after the seven to nine 
day period of cortisone administration, there was 
gradual resolution of the lesions and replacement 
of destroyed renal parenchyma by scar tissue. 

The only other tissue besides the kidney in 
which extensive lesions were observed was heart 
muscle. Here the lesions in cortisone-treated 
mice usually regressed in a similar fashion to that 
in control mice. However, in some of the steroid- 
treated mice, which were sacrificed when mori- 
bund five to seven days after infection, myocardial 
abscesses which contained many fungi had de- 
veloped, and caused destruction of much myo- 
cardium. Simultaneous tissue census studies on 
such animals (see above) demonstrated that heart 
populations rose only 17-fold as compared to a 
rise of approximately 500-fold in renal titers. 

In all other tissues, the lesions uniformly re- 
gressed in a fashion similar to that observed in 
control animals, although healing was somewhat 
By the third day the lesions were gen- 
erally unapparent or marked by small accumula- 
tions of histiocytes in which fungi were seldom 
seen. 


slower. 


DISCUSSION 


These studies suggest that the increased mor- 
tality in cortisone-treated mice infected with this 
strain of C. albicans was related specifically to in- 
creased multiplication of the fungus in the kidney, 
the organ which is the site of maximum infection 
in normal animals. In extra-renal tissues, corti- 
sone treatment commonly delayed fungus clearance 
but only rarely (in the heart) was there evidence 
of increase in Candida populations. Even in 
moribund animals dying rapidly after infection 
with large numbers of C. albicans, fungus census 
was only moderately increased in the heart, and 
minimally elevated in the liver, lung and brain. 
Such elevations in populations may well have been 
related to the marked fungemia observed in these 
animals. 

The kidney is the site of maximum multiplica- 
tion in numerous other experimental infections, 
including those due to staphylococci (19), Myco- 
bacterium fortuitum (20), and Corynebacterium 
renale (21). The mechanisms underlying the re- 
nal susceptibility to infection have not been de- 
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lineated. The histological studies detailed above 
offer a plausible explanation for the localization of 
progressive infection to the kidneys in both nor- 
mal and cortisone-treated mice infected with C. 
albicans. 

The initial cellular response to invasion of the 
kidneys by Candida was polymorphonuclear and 
occured both within vessels and in the interstitium. 
Within 24 hours after infection, fungi broke from 
the interstitium apparently by mechanical pres- 
sure into the cortical and medullary renal tubules. 
Blyth (22), and Evans and Winner (23), in stud- 
ies on normal animals, have also observed the 
growth of pseudomycelia into tubular lumina. 
Once within the tubular lumen, the fungus ap- 
peared protected from host defenses and grew 
rapidly forming long hyphal elements. Cellular 
defenses of the host did not appear to be effective 
until these hyphae again broke through the tu- 
bule wall back into the interstitial tissues. 

The extent of intratubular growth appeared to 
determine the outcome of infection. When nor- 
mal mice were given large inocula, intratubular 
multiplication and subsequent abscess formation 
were commonly limited, and the animal usually 
survived. In cortisone-treated animals injected 
with such inocula, intratubular growth was mas- 
sive. This was followed by marked abscess forma- 
tion and death. 

In contrast to the events described in the kidney, 
histological study of other tissues revealed regres- 
sion of lesions 24 to 72 hours after infection in 
control and cortisone-treated mice. Extensive ex- 
tra-renal lesions were found only in the hearts of 
moribund animals dying four to seven days after 
infection with 5 x 10° cells. 

The apparent ability of C. albicans to evade host 
defenses by intratubular residence would appear 
to be analogous to the protection afforded other 
microbes by an intracellular habitat. Thus, for 
example, Rogers showed that staphylococci in- 
corporated into polymorphonuclear leukocytes 
were far better able to withstand passage through 


reticuloendothelial organs than were staphylococci 
which remained extracellular (24). 

The hypothesis offered here that the renal lo- 
calization of Candida infections in normal and 
cortisone-treated animals is related to the protec- 
tion offered the fungus by intratubular residence 
has not been invoked before to explain the suscep- 
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tibility of the kidney to experimental or clinical 
infections. Whether intratubular growth may also 
account for renal localization of infections other 
than moniliasis is not known. The evidence pres- 
ently available, however, suggests that different 
mechanisms may be of far greater importance in 
certain infections. Studies by Freedman and 
Beeson (25) have demonstrated that the renal 
medulla is more susceptible to Escherichia coli 
infections than is the renal cortex. Recent stud- 
ies by Beeson and Rowley (26) suggest that the 
medullary susceptibility may be related to local 
inactivation of serum bactericidins by ammonia. 
It seems unlikely that such a mechanism is of 
major significance in moniliasis. The localization 
of fungal cells can be determined readily by histo- 
logical studies of the kidney. There is no medul- 
lary predilection in Candida infections. Studies in 
our laboratory, which will be described in detail 
subsequently, demonstrate no inhibitory effect of 
mouse serum or plasma on C. albicans. 

Although serial determinations of Monilia popu- 
lations in several extra-renal tissues including 
lungs, liver, spleen, heart and brain demonstrated 
no increase in the number of recoverable fungi in 
mice treated with cortisone over the initial 24 
hours of infection as compared with control ani- 
mals, simultaneous histological studies showed 
clear evidence of increased growth of the fungus 
and augmented infiltration by neutrophils during 
this period. The enhanced infiltration by leuko- 
cytes appeared to be an appropriate reaction to 
the increased multiplication of the fungus. The 
early events in the kidney were similar to those 
observed in other tissues. Increased Candida 
multiplication within vessels and in the interstitial 
tissues was associated with a more prominent cel- 
lular infiltrate. 

Failure of the bacteriological studies to demon- 
strate the increased growth observed microscopi- 
cally suggests the possibility that the increased 
growth of Candida was balanced by increased de- 
struction of the fungus. It is also possible that 
small increases in the number of Candida cells may 
not have been detectable by the quantitative enu- 
meration techniques employed. Progressive in- 
fection failed to develop in extra-renal organs de- 
spite the early generalized increase in multiplica- 
tion of fungi under the influence of cortisone and 
it seems that this may well be related to the in- 
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ability of the fungus to find a site for protected 
growth within these tissues. 

The time of administration of cortisone appears 
to determine the degree of enhancement of ex- 
perimental Candida infections. Delay in steroid 
administration until 24 hours after infection with 
5 X 10° cells decreased the mortality from 90 to 70 
per cent. Further delay in initiation of cortisone 
treatment until seven days after infection markedly 
reduced the effects of the steroid so that the mor- 
tality was not significantly different from that 
noted in control animals, and only a modest in- 
crease in renal Candida census was 
These studies are then in agreement with experi- 
ments on other microorganisms which indicate that 
the effects of steroids are reduced markedly if 
treatment is withheld until host defenses are es- 
tablished (27, 28). 

Under the conditions of the present experiments, 
Candida infections were clearly enhanced to a far 
greater degree than infections due to H. capsula- 
tum or C. neoformans. These findings do not 
necessarily contradict previous work demonstrat- 
ing enhancement of experimental histoplasmosis 
or cryptococcosis by adrenal steroids (2-6). In 
the studies herein reported, experiments on H. 
capsulatum and C. neoformans were performed on 
NIH mice. It has been emphasized that the strain 
of animal used may influence to a great extent the 
results of studies on the effects of cortisone on a 
particular infection (29). It seems quite possible 
that the use of certain mouse strains would have 
been associated with augmentation not only of 
candidiasis but also of histoplasmosis and crypto- 
coccosis. Indeed, limited experiments in this 
laboratory with CFW strain mice have demon- 
strated significant enhancement of cryptococcosis 
under the influence of cortisone. Nevertheless, the 
demonstration of differences among the three fungi 
in the degree of enhancement of infection by ster- 
oids under certain experimental conditions sug- 
gests that similar alterations induced by cortisone 
in the host may clearly favor the establishment of 
microbial parasitism by some mycotic species 
rather than by others. It is conceivable that these 
studies may offer a partial explanation for the 
well documented observation that the administra- 
tion of adrenal hormones to man is associated with 
the appearance of disseminated moniliasis far 
more often than histoplasmosis or cryptococcosis 


observed. 
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despite the frequent presence of the latter two 
fungi in the exogenous and, in the case of C. 
neoformans, in the endogenous environment of 
man. 

It is important to emphasize that marked in- 
crease in renal Candida populations were noted 
in most cortisone-treated animals even when the 
infecting inoculum was small. One of the diffi- 
‘culties in applying experimental knowledge to 
human infection is the necessity for using very 
large inocula in the experimental study of micro- 
organisms of low pathogenicity such as Monilia. 
Human infections on the other hand are prob- 
ably initiated with small numbers of microorgan- 
Since cortisone produces marked enhance- 
ment of Candida infections initiated with small 
inocula, and since the kidney is the organ of maxi- 
mum infection in both man and mouse (30), there 
is a considerable possibility that the experimental 
findings herein described may contribute to an 
understanding of some cases of disseminated 
moniliasis in man. 


isms. 


SUMMARY 


Experimental Monilial infections in mice were 
enhanced to a far greater degree by cortisone than 
were infections due to Histoplasma capsulatum or 
Cryptococcus neoformans. 

The kidney was demonstrated to be the only 
tissue in which progressive infection occurred in 
normal mice following intravenous injection of 


Candida albicans. The administration of corti- 
sone was associated with striking enhancement of 
the renal infection. Tissue Candida clearance 
was delayed in extra-renal sites during cortisone 
treatment but increase in Monilial census was ob- 
served only rarely (in the heart). 

Histological studies suggested that the renal 
localization of infection in normal and cortisone- 
treated mice was related to rupture of the fungus 
into tubular lumens. Once within the tubule the 
fungus appeared protected from host defenses and 
grew in an uninhibited fashion. Extensive intra- 
tubular residence was uncommon in normal mice 
injected with 10° to 5 x 10° cells but occurred 
uniformly in cortisone-treated animals. 

Enhancement of renal infection was also ob- 
served in most cortisone-treated animals injected 
with small inocula. The maximum effect of cor- 
tisone was produced when animals were given 
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treatment from two days prior to infection. De- 
lay in the initiation of cortisone treatment until 
the day after infection reduced the effects of the 
hormone. When cortisone was administered be- 
ginning seven days after infection no significant 
enhancement was observed. 
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The antigens on the stroma of the red cell repre- 
sent immunochemically specific molecules whose 
synthesis is genetically determined (1). The ge- 
netic control of the blood group antigens in man 
was recognized (2) within a decade after their 
discovery by Landsteiner. If the one-gene-one 
product hypothesis applies to the blood group 
antigens, the red cell antigen content should be 
related quantitatively to the genotype. The re- 
sults obtained with techniques based on agglu- 
tination of red cells suggest that a dosage effect 
exists for many of the blood group systems 
(3). Some cells agglutinate more intensely than 


others with a given antibody indicating that these 


cells possess more antigen. Under these circum- 
stances, it has been inferred that the red cells 
reacting more intensely with the antibody are 
genetically homozygous for the antigen whereas 
the weakly reacting cells are heterozygous. 

Except for R°R* (cDE/cDE) and R°**R® (-D- 
/-D-) red cells which react more strongly with 
anti-Rho(D), no clear-cut dosage effect has been 
demonstrated for the Rhg(D) antigen (1). Grubb 
(4) using an antiglobulin absorption and inhibition 
technique was able to estimate the Rho(D) re- 
ceptor sites of the red cell but was unable to 
differentiate the heterozygous from the homozy- 
gous Rho(D) red cell. Boursnell, Coombs and 
Rizk (5) have applied serum containing I'*!- 
labeled anti-Rhy(D) to this problem. They did 
not derive any conclusions with respect to the 
Rho(D) genotype because of the high nonspecific 
binding of I'*'-labeled proteins to the red cells. 
Wiener and Gordon (6) have applied a quantita- 


* Supported by Grant H-5071 from the National Heart 
Institute, Bethesda, Md., and the “CDW Research Fund.” 
Presented in part at the annual meeting of the American 
Society for Clinical Investigation, May 4, 1959, Atlantic 
City, N. J. 


tive antiglobulin test to this problem, but do not 
indicate that they were able to determine the 
Rho(D) genotype with their technique. 

The availability of a relatively specific I'*! in- 
complete anti-Rhg(D) (7) provided the opportu- 
nity to study the relationship between the Rho(D) 
genotype and the Rho(D) antigen content of the 
red cell. The experimental design adopted for this 
study was to determine the Rhy(D) antigen con- 
tent of different red cells obtained from the 
Rho(D) positive donor population entering the 
Central Blood Bank of Pittsburgh. The frequency 
distribution of the red cell Rhy(D) content in this 
population of red cells was determined graphically, 
and the heterozygous state in this distribution was 
identified by studying genetically defined Rho(D) 
heterozygotes obtained from family studies. This 
plan of study was used because there is no con- 
ventional technique [absence of both dosage effect 
and anti-rh (d) serum] for positively differentiat- 
ing the Rho(D) heterozygous red cell from the 
homozygous red cell. A preliminary report has 
been published (8, 9). 


MATERIALS AND METHODS 


Except for the procedures described below, the methods 
presented in a previous paper (7) were used for iodina- 
tion,! determination of radioactivity, stroma preparation 
and reaction of the red cells with the I anti-Rho(D). 

Fractionation of anti-Rho(D) serum. High titered 
anti-Rho(D) serum was obtained from a 30 year old 
white housewife who had been immunized to the Rho(D) 
antigen by multiple pregnancies. The pertinent details of 
her history and immunization have been presented (7). 

The y-globulins were isolated by the method of Nichol 
and Deutsch (10), in place of the modified Cohn method 
10 procedure used previously (7). The titer of the anti- 
Rho(D) serum before fractionation was 2,048 and the 
titer of the y-globulin fraction was 2,048. The anti- 


1 Carrier-free I’ was obtained from the Oak Ridge 
National Laboratory, Oak Ridge, Tenn. 
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TABLE I 
Properties of the I anti-Rho(D) y-globulin fraction 


Per cent of [*! bound 13.70 
I (moles/mole globulin)* 0.98 
1! (uc/ug 0.15 
Per cent of I"! precipitable with 
trichloroacetic acid 97.7 

Titer before iodination 2,048 
Titer after iodination 512 
Nitrogen (mg/ml) 2.54 


* Calculated using a molecular weight of 160,000 for the 
total fraction iodinated. 
t Activity at the time of iodination. 


Rho(D) titers were determined with the antiglobulin re- 
action using pooled Rho(D) positive red cells, volumetric 
dilutions of the anti-Rho(D) preparation, and commercial 
antiglobulin reagent (11). The y-globulin fraction con- 
tained 8.04 per cent of the total serum nitrogen as deter- 
mined by the micro-Kjeldahl method (12). The prop- 
erties of the I iso-antibody preparation are listed in 
Table I. 

Elution of I anti-Rho(D) from Rho(D) stroma. A 
modification of the elution technique previously reported 
(7) was used for these studies. The pooled lyophilized 
Rho(D) stroma was sensitized with the I anti-Rho(D) 
y-globulin at 37° C for 1 hour. To 10 g of stroma was 
added 100 ml of the I’*-globulin which contained 0.10 to 
0.16 mg N per ml dissolved in pH 6.5, 0.15 M phosphate 
buffer with 0.03 per cent human y-globulin carrier.? 

The stroma, which had been sensitized in plastic tubes 
with a capacity of 30 ml was washed 4 times with the 
phosphate buffer by centrifugation (Spinco model L ul- 
tracentrifuge, 15 minutes at 20,000 rpm, maximum G 
46,900). 

The I anti-Rho(D) was eluted from the sensitized 
stroma by adjusting the pH, temperature, and duration of 
elution. A preliminary eluate which contained mostly 
nonspecific I'-globulins was obtained by eluting the 
sensitized stroma for 5 minutes at 56°C with pH 6.0, 
0.15 M phosphate buffer containing 3 per cent y-globulin 
carrier. This eluate was recovered by 15 minutes’ centri- 
fugation at room temperature (20,000 rpm, maximum G 
46,900) and was discarded. The I anti-Rho(D) was 
obtained by a second elution at 56° C for 30 minutes with 
pH 5.8, 0.15 M phosphate buffer containing 0.1 per cent 
y-globulin carrier. The second eluate which contained 
biologically active I anti-Rho(D) was separated from 
the stroma by centrifugation (15 minutes at 20,000 rpm, 
maximum G 46,900) in a Spinco model L ultracentrifuge 
using a rotor preheated to 60°C. The tubes containing 
the centrifuged stroma were placed in a 56° C water bath 
immediately after centrifugation and the supernates con- 
taining the eluted I anti-Rho(D) were recovered by 


2 Obtained from Cutter Laboratories, Berkeley, Calif. 
The y-globulin fraction was free of anti-Rho(D) when 
tested with the antiglobulin reaction. 


aspiration. The eluate obtained in this fashion was 
dialyzed overnight at 4° C against pH 6.5, 0.15 M phos- 
phate buffer containing 1: 10,000 merthiolate and 0.1 per 
cent y-globulin carrier to readjust the pH of the eluates. 

The eluates used in these studies were obtained from 
a pool of Rho(D) positive red cell stroma derived from 
16 units * of outdated whole blood. The Rh phenotypes of 
the units making up this pool were as follows: 7 units of 
R’'r (CDe/cde) or R*R® (CDe/cDe); 4 units of R’r 
(cDE/cde) or R?R°® (cDE/cDe) ; 3 units of R'R' (CDe 
/CDe) or R'r’ (CDe/Cde) and 1 unit each of R’*R® 
(cDE/cDE) or R’r” (cDE/cdE), and R’r (cDE/cde) 
or R*R® (cDE/cDe). A total of 107 g of red cell stroma 
was obtained from these 16 units of whole blood. 

Three different eluates were derived from this one pool 
of stroma. The properties of these eluates are listed in 
Table II. Eluate P-1 was obtained after reacting the 
globulin containing I’ anti-Rho(D) (72 mg N) with 
90 g of the stroma. Eluate P-2 was obtained by pooling 
112 ml of P-1 and 40 ml of the supernates recovered from 
the studies in which Rho(D) negative red cells had been 
reacted with P-1. Eluate P-3 was made up by pooling 
the Rho(D) negative supernates derived from P-1 and 
P-2. This device of saving and pooling the supernates 
containing I™ anti-Rho(D) from Rho(D) negative red 
cells was used to achieve maximum utilization of the I'* 
anti-Rho(D). The immunochemical activity of all three 
eluates was directly proportional to their total nitrogen 
content and was unaffected by previous reaction (absorp- 
tion) with Rho(D) negative red cells. The specific anti- 
body content of each of the three eluates was determined 
by reacting the supernate with an excess of Rho(D) 
positive red cells. The total antibody content was ob- 
tained by adding the antibody found in the supernate to 
that taken up by the original Rho(D) positive red cell. 
These values are found in Table III. 

The I y-globulin fraction and the I’ anti-Rho(D) 
eluate were studied by zone electrophoresis on potato 
starch with 0.1 ionic strength, pH 8.6 barbital buffer (13). 
Both the y-globulin and the eluate preparations revealed 
a single symmetrical peak of radioactivity at the origin 
and a small albumin peak which had migrated away from 
the origin toward the anode. The distribution of protein 
in the starch block was associated with the I’ radio- 


P TABLE II 


TCA-pre- 
cipitable 
Preparation [131* Titer Nitrogen 
ug/ml 
P-1 87.0 16 3.96 
P-2 86.1 16 3.83 
P-3 89.2 4 2.92 


* Trichloroacetic acid, 10 per cent. 


3 These were conventional blood bank units consisting 
of 480 ml of whole blood and 120 ml acid citrate dextrose 
solution. 
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TABLE III 


Preparation 


P-1 
P-2 
P-3 


* Standard error of the mean. 
t Seven of these determinations were based on reacting the supernates with the red cell suspension that was used for 
All the other values were obtained by reacting the supernates with a different Rho(D) positive red 


the original reaction. 
cell sample. 


activity. The antibody was localized on the cathode side 
of the protein peak at the origin. 

Source of red blood cells. Red cells were obtained from 
the Caucasian donor population entering the Central 
Blood Bank of Pittsburgh and from the Blood Bank staff. 
The red cell samples were not accepted randomly from 
the donor population. Rho(D) positive red cells were 
selected to conserve the supply of I anti-Rho(D). Only 
1 or 2 Rho(D) negative samples were accepted each day 
to provide the necessary controls for the study. Rho(D) 
negative cells or donors who did not know their Rh 
phenotype were rejected from the study. The red cell 
samples were obtained from venous blood anticoagulated 
with heparin. Some of the red cells were reacted with 
the I anti-Rho(D) on the day they were collected and 
others were reacted after periods of 1 to 6 days of storage 
in Alsever’s solution at 4° C. The cells were typed for 
the ABO and Rh antigens using commercial antisera 4 
and the methods recommended by the manufacturer. The 
rh’(C) positive red cells included the rh*(C™”) antigen 
since a specific anti-rh*(C*) was not used to test for 
this antigen. 


TABLE IV 


Experimental errors 


Variance, 
pg N/ 

Degrees 0.01 ml 
of 


Procedure freedom 


Daily determinations on 
the same sample of stored 
red cells* 


Daily determinations on 
the same unstored red 
cell sample* 

Duplicate determinations 


after storage on different 
red cell samples 


Duplicate determinations _ 
on the same cell suspension 11 


0.678 


* These data are derived from the results presented in 
Table II. 


41 am grateful to the Ortho Research Foundation, 
Raritan, N. J. for generous supplies of anti-hr’(c). 


determinations 


Antibody nitrogen* 
0.127 + 0.009 
0.110 + 0.015 
0.0833 + 0.0067 


A total of 354 individual determinations was carried 
out with the three eluates obtained from the pooled red 
cell stroma. The results to be discussed in this paper are 
based. on the following studies: 199 different Caucasian 
red cell samples; 21 family study determinations; and 23 
control determinations on Rho(D) negative red cell sam- 
ples. Eighty of the 354 determinations represented dup- 
licate determinations, supernate studies and various mis- 
cellaneous studies. Excluded from this report are the 
studies carried out on 31 different samples of Negro red 
cells. 

A series of five families with eight children in whom a 
documented history of Rh incompatible pregnancy was 
present was used for the source of Rho(D) heterozygous 
cells.6 

Calculations and presentation of results. The red cells 
were exposed to the I’ anti-Rho(D) at 37° C for 1 hour. 
Cell concentration was determined by the microhematocrit 
method (14, 15). The results are expressed as micro- 
grams of antibody nitrogen bound to 0.01 ml centrifuged 
red cells as defined by 5 minutes’ centrifugation at max- 
imum G 12,000 in an International micro-hematocrit 
centrifuge. The I’ bound to the red cells was converted 
to antibody nitrogen using the I™ to nitrogen ratio of the 
total y-globulin fraction before elution. The nitrogen of 
this fraction could be determined with the micro-Kjeldahl 
procedure (12) but the nitrogen content of the eluates 
containing I'' anti-Rho(D) was insufficient for direct 
determination. Justification for the conversion of I to 
nitrogen is based on the finding that the iodine to nitrogen 
ratio of specific antibody is the same as that of the total 
y-globulin fraction (16). The I to nitrogen ratio has 
also been used to determine ultra-microgram quantities 
of I™ diphtheria toxin nitrogen (17). In this study the 
nitrogen values which were based on I"™' radioactivity 
were confirmed independently by toxicity studies. 


RESULTS 


Effect of storage and over-all precision. The 
over-all reproducibility of the technique including 
the effects of storage was evaluated by storing a 


51 am greatly indebted to Drs. Paul Gaffney and 
William Chapman of Pittsburgh, Pa., who made their 
patient material available for these studies. 
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large volume of red cells in Alsever’s solution at 
4° C. On subsequent days an aliquot of the stored 
cells was reconstituted and reacted with the I'*! 
anti-Rhy(D). <A fresh specimen of cells obtained 
by venipuncture from the donor of the stored cells 
was reacted along with the stored cells with the 
I'** anti-Rhy(D). The pooled variance for re- 
peated determinations on the stored cells over a 
period of 11 days was 1.63 x 10°* pg N per 0.01 
ml RBC (Table IV) and the mean and standard 
error of the mean was 1.85 + 0.13 x 10° pg N 
per 0.01 ml RBC (Table V). The correspond- 
ing values for the determinations carried out on 
fresh unstored red cells were 2.28 x 10°* (Table 
IV) and 1.89+0.15 (Table V). There was no 
significant difference in the mean values between 
the fresh and stored red cell samples (t = 0.18, 
n = 14), 

The over-all precision was evaluated in another 
way by repeating the determination on the same 
red cell suspension after a period of one to four 
days of storage at 4° C. The pooled variance for 
seven such different cells was 3.58 x 10°* pg N per 
0.01 ml RBC (Table IV). 

The pooled variance for duplicate determinations 
on the same cell suspension for 11 different red 
cell samples was 0.678 x 10°* wg N per 0.01 ml 
RBC (Table IV). This statistic excludes the 
errors that occur in preparing a cell suspension 
with a known hematocrit. It evaluates only the 


TABLE V 


Effect of storage on quantity of antibody bound to the same 
sample of red cells 


Nitrogen bound, 107? ug/0.01 ml 
centrifuged RBC 


Stored red cells Fresh red cells 


1.97* 
1.79 
1.89 


1.67 
2.07 


Mean 1.85 + 0.13 1.89 + 0.15 


* These values represent the average of duplicate deter- 


minations. The red cells used in this study were all ob- 
tained from one individual whose probable genotype was 
R'r’ (CDe/Cde). 


6 Mean and standard error of the mean are used 
throughout this paper. 


TABLE VI 
Number of red*cells in 0.01 ml volume 
of centrifuged cells 


No. of 
samples 
counted 


Mean number of 
cells X 107* 


a 


oO 
De 
— 
He He He HE HE He HE 
mm 


* The determinations were carried out with the Coulter 
electronic cell counter. The volume of centrifuged cells 
was defined by 5 minutes’ centrifugation at maximum 
G 12,000. 

+ Standard error of the mean. 


errors associated with the procedure of reacting 
the cells with the labeled iso-antibody—pipetting 
errors, loss of red cells both physically and by 
hemolysis during the procedure, and errors in the 
determination of radioactivity. 

Relationship of hematocrit and cell count. The 
number of red cells in some of the cell suspensions 
was counted directly’ by means of the Coulter 
electronic counter (18,19). The cells had in vitro 
ages that ranged from 0 to 11 days. The mean 
number of red cells in a 0.01 ml volume of RBC, 
(defined by 5 minutes’ centrifugation at maximum 
G 12,000) was 9.01 + 1.48 x 10° cells. The red 
cell count was directly proportional to the hema- 
tocrit even though there was considerable scatter in 
the data. The number of red cells was independent 
of the in vitro age of the red cell suspension (Table 
VI) indicating that the scatter in the data was not 
related to osmotic volume changes induced by the 
conditions of storage. 

Nature and quantity of I'** bound to Rhg(D) 
negative red cells. The mean quantity of nitrogen 
bound to 23 samples of Rhy(D) negative red cells 
was 0.150 + 0.037 x 10°? wg nitrogen per 0.01 ml 
RBC. The quantity of nitrogen was independent 
of both the Rh or the ABO phenotype of both 
Rhy(D) and D" negative cells, and represented 
from 3 to 7 per cent of the I'*' bound to Rhe(D) 

7 The interest and generous cooperation of Dr. R. C. 
Hamilton and of Sister Marietta (Registered Technol- 
ogist, St. Francis Hospital, Pittsburgh, Pa.) in carrying 
out these determinations is gratefully acknowledged. 
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TABLE VII 
Nitrogen bound to Rho(D) negative red cells 


wg Nitrogen 
No. of bound to 0.01 ml 
Phenotype samples centrifuged RBC 


Distribution of samples by Rh phenotype 
rr (cde/cde) 16 0.160 + 0.040* 


r’r (Cde/cde) 3 0.130 + 0.030 
r’’r (cdE/cde) 4 0.128 + 0.015 


Distribution of samples by ABO phenotype 


4 0.131 + 0.034 
B 3 0.126 + 0.021 
O 16 0.160 + 0.038 


* Standard error of the mean. The mean value for the 
23 Rho(D) negative red cells was 0.150 + 0.037 XK 107? ug 
N per 0.01 ml packed red cells. 


positive cells. These results are tabulated in 
Table VII. 

Criteria employed to determine antibody excess. 
The presence of antibody excess was ascertained 
by reacting Rho(D) .positive red cell supernates 
with unsensitized Rho(D) positive red cells. The 
supernates were tested with either the same 
Rho(D) positive cell or with an Rhy(D) positive 
cell obtained from a different individual (different 
Rh phenotype). All the tests on the supernates 
were carried out in the presence of a marked ex- 
cess of antigen (large excess of red cells) so that 
an estimate of the total antibody content could 
be obtained. 

Excess I'*! anti-Rho(D) could be demonstrated 


TAB 


Antibody excess as shown by 


in all the supernates tested. The total antibody 
recovered by adding the antibody found in the 
supernate to that removed by the original Rhy(D) 
positive cell in six determinations was 0.126 
+ 0.016 x 10° yg of antibody nitrogen per ml of 
I**! anti-Rho(D). When the supernate was tested 
with a different Rho(D) positive cell (26 deter- 
minations), the total antibody content was 0.127 
+ 0.008 x 10°? yg of antibody nitrogen per ml. 
These results indicate that the estimation of the 
total antibody content was independent of the type 
of Rho(D) positive cell that was used to test the 
supernate. The value obtained using the same 
Rho(D) positive red cell did not differ signifi- 
cantly from that found using a different positive 
red cell (Table VIII). 

These data are plotted in Figure 1. The anti- 
body nitrogen bound to the original red cell is 
plotted on the abscissa and the antibody nitrogen 
found in the supernate with the use of either the 
same cell or a different Rhy(D) positive red cell is 
shown on the ordinate. The quantity of antibody 
nitrogen remaining in the supernate was inversely 
proportional to the quantity of antibody removed 
by the original cell. 

The degree of saturation of the available Rhy(D) 
sites on the red cell was also evaluated by re-react- 
ing the washed I'*' sensitized red cells with an 
additional quantity of I'*! anti-Rho(D). The in- 
crease in I‘? anti-Rhy(D) bound to previously 
sensitized red cells after a second incubation of 60 


LE VIII 
free antibody in the supernate * 


Antibody N 
Phenotype bound to 
original red original red 
cell cell (A) 


Antibody N 
Phenotype red found in 
cell reacted supernate 
with supernate (B) 


R'r or R'R® 4.40 
R'r or R'R® 5.25 
R'r or R'R® 8.84 
R'r or R'R® 5.53 
R'R! or Rir’ 8.59 


R'r or R'R® 5.34 
R'r or R'R® 6.38 
R'R? or R’r”’ 9.12 
or R?R° 
R'R! or 6.69 


Same cell 
Same cell 
Same cell 
Same cell 
Same cell 


R'R or R'r’ 

R'R or R'r’ : 12.2 
R'R! or R'r’ 13.3 
R'R! or Rir’ 24 
R'R! or 12.3 


Mean 12.5 


* Antibody nitrogen in 10° wg N. The data have not 
cells. Total nitrogen content of the I'*! anti-Rho(D) eluate was 3.96 wg N and 1 ml of a 1 per cent cell suspension was 
used for each reaction. 


been corrected for the nitrogen uptake of Rho(D) negative red 
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minutes was 10.33 + 5.36 per cent (Table IX). 
This increase in antibody uptake following the 
twofold increase in reaction time is consistent with 
the kinetics of this reaction (7). 

Frequency distribution of antibody nitrogen 
bound to Rho(D) positive red cells. At the top 
of Figure 2 is a plot of the antibody nitrogen bound 
to 0.01 ml centrifuged red cells for a population of 
47 Rho(D) positive, rh’(C) negative red cells. On 
the basis of inspection the distribution can be 
divided into two groups by using the 3.2 x 10°° pg 
N value. One group then consists of 37 different 
red cell samples with a mean value of 2.44 + 0.27 
x 10°* pg N per 0.01 ml RBC, and the other group 
consists of 10 different red cell samples with a 
mean of 3.95 + 0.34. The group of cells with the 
higher nitrogen values has an average nitrogen that 
is 1.62 times greater than that found in the group 
with the lower nitrogen values. 

The two lower panels in Figure 2 present the 
distribution of two of the three common Rhy(D) 
positive, rh’(C) negative phenotypes. There are 
14 red cell samples with an R*R? or R?r” pheno- 
type, 29 with an R*r or R*R® phenotype and 4 with 
an R*r or R°R® phenotype. There are insufficient 
numbers in each category to derive independent 
statistical values, but it is apparent that the dis- 
tribution of antibody nitrogen values found in these 
different phenotypes does not differ from the dis- 
tribution obtained by pooling all of the rh’(C) neg- 
ative, Rho(D) positive phenotypes. 
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TABLE IX 
Effect of reincubation on the quantity of antibody bound to red cells* 
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10- O-SUPERNATE REACTED SAME RBC 


@—SUPERNATE REACTED DIFFERENT RBC 
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1 
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to-? wg ANTIBODY N IN SUPERNATE 


1072 pg. ANTIBODY N BOUND TO RBC 


T T 


4 
4 
4 
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Fic. 1. RELATIONSHIP BETWEEN ANTIBODY N IN SUPER- 
NATE AND ANTIBODY N BOUND TO RED CELLS. The antibody 
nitrogen bound to the Rho(D) positive red cell is shown 
on the abscissa and the antibody nitrogen that was re- 
covered in the supernate is plotted on the ordinate. The 
total quantity of antibody recovered in these supernate 
studies was unaffected by the Rh phenotype of the red cell 
that was used to test the supernate. 


The frequency distribution of antibody nitrogen 
values in a population of 152 rh’(C) and Rho(D) 
positive red cells is shown at the top of Figure 3. 
The bimodal distribution is evident but it is not as 
clearly defined as that found with the rh’(C) 
negative red cell. If 2.3 x 10° pg N is used to 
divide the two groups, one group has a mean value 


Nitrogen bound 10°? ug N per 


0.01 ml centrifuged RBC 


After Prenat Per cent increase 
Probable red cell incubation incubation in nitrogen 
genotype for 60 min for 60 min bound to red cells 
R'r or R'R® 1.76 1.80 
R'r or R'R® 2.10 2.28 8.6 
R'r or R'R® 3.54 3.79 A. 
R'r or R'R° 2.17 2.34 7.8 
R'R! or R?r’ 3.31 3.59 8.5 
R'r or R'R°® 1.53 1.88 22.9 
R'r or R'R® 2.87 12.6 
or Rir”’ 3.65 4.13 13.2 
R?’r or R?R° 2.87 3.18 10.1 
R'R! or R'r’ 2.68 2.96 10.5 


Mean 10.33 + 5.36 


* Red cells were washed and assayed for I'*! after the first 60 minute incubation period and then were re-reacted with 
additional I! anti-Rho(D) for a second 60 minute period. One ml of the I! anti-Rho(D) with a total nitrogen content of 
3.96 wg was used in both reactions and 0.5 ml of a 5 volumes per cent cell suspension was employed. The data have not 
been corrected for the nitrogen uptake of Rho(D) negative red cells. 
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TOTAL R®(cDE), R%(cDe) 


m=244 
n=47 


m=3,90 R2R2(cDE/cDE) 
R@r" (cDE/cdE) 


ABSOLUTE FREQUENCY 


R@r (cDE/cde) 
R*R%cDE/c De) 
n=29 


1072 yq. N BOUND PER OO! mi PACKED RBC 


Fic. 2. DistrmBuTION OF ANTIBODY N BOUND TO RH»o(D) 
POSITIVE, RH'(C)) NEGATIVE RED CELLS. The bar graph at 
the top of this figure presents the findings for the total 
group of rh’(C) negative red cells. The two lower bar 
graphs are the results plotted separately for two of the 
common phenotypes. 
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Fic. 3. DistripuTIoN OF ANTIBODY N BoUND TO RHo(D) 
AND RH'(C) POSITIVE RED CELLS. The bar graph at the 
top of the figure presents the findings for the total group 
of Rho(D) and rh’(C) positive red cells. The lower 
plot presents the data obtained on only the heterozygous 
rh’(C) red cell samples. 


of 1.78 + 0.03 x 10°* pg N per 0.01 ml RBC and 
the other group 2.32 + 0.05. These values are 
significantly less than the corresponding values for 
the rh’(C) negative red cells, 2.44 and 3.95. The 
effect of the homozygous rh’(C) positive red cells 
on this distribution is shown at the bottom of 
Figure 3. The homozygous rh’(C) positive red 
cells have been excluded from this graph so that 
only the values for the heterozygous rh’(C) posi- 
tive red cells are shown. A total of 101 different 
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Fic. 4. DistriBuTION OF ANTIBODY N BOUND TO RH»o(D) 
AND RH'(C) POSITIVE RED CELLS. The results obtained for 
each of the three common Rho(D) and rh’(C) positive 
phenotypes are shown in each bar graph. The data used 
to plot the bar graph at the top of Figure 3 were obtained 
by combining these three groups. 


red cell samples has been plotted of which 71 had 
an R'r or R'R® phenotype and 30 had an R'R* or 
R'r’ phenotype. In this case 62 of the 101 cell 
samples have a mean value of 1.70 + 0.03 and 39 
have a mean value of 2.96 + 0.07, 10° pg N per 
0.01 ml RBC. 

The distortion in the bimodal distribution intro- 
duced by the rh’(C) red cell is shown by the data 
plotted in Figure 4. In this plot the three common 
rh’'(C) positive red cell phenotypes are shown in- 
dividually. At the top of the figure are 30 R'R° 
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TABLE X 


Calculated from 
total sample* 


Chromosome (n =275) 


Calculated from 
cells studiedt 
(n =210) 


Reported by 
Race and Sanger (1) 


r (cde) 0.3133 
r’ (Cde) 0.0114 
(cdE) 0.0170 
R® (cDe)’ 0.0224 
R! (CDe) 0.4596 
(CDE) 0.0038 


R? (cDE) 0.1725 


0.2070 0.3886 
0.0012 0.0098 
0.0012 0.0119 
0.0418 0.0257 
0.4873 0.4076 
0.0005 0.0024 
0.2611 0.1411 


not been reacted with the I'*! anti-Rho(D). 


or R'r” phenotypes; the middle plot shows 51 
R'R', or R'r’ phenotypes; and the graph at the 
bottom presents the findings on 71 R'r or R'R® 
red cell samples. The homozygous rh’(C) posi- 
tive red cells (middle graph, Figure 4) show the 
poorest separation into two groups. If this dis- 
tribution is divided arbitrarily into two groups by 
the 2.3 x 10°* pg N value the standard error of the 
mean for each group can be determined and the 
two groups can be compared by the ¢ test. Under 
these conditions the two groups are significantly 
different, p< 0.05. The heterozygous rh’(C) 
positive red cells show a better separation into two 
groups, one group with a mean nitrogen value of 
1.70 and the other group with a mean nitrogen 
value of 2.91. 

Chromosome frequencies. The chromosome fre- 
quencies for these data were calculated using the 
method described by Race and Sanger (1). Un- 
fortunately, valid chromosome frequencies cannot 
be derived from these results since the calculations 


Family studies 


TABLE XI 


* Includes the red cell samples from the family studies and some samples that had been phenotyped but which had 


+ Excludes the family study samples and includes only the red cell samples that were reacted with the I'*! anti-Rho(D). 


are not based on a random sample of Caucasian red 
cells. The red cells used for these studies were 
derived from a special population (blood donors), 
only Rho(D) positive red cells were selected and 
during the course of the study a conscious effort 
was made to exclude the rh’(C) positive red cells. 
The effect of these selection criteria on the chromo- 
some frequencies is shown in Table X. If all the 
red cell samples, including the family studies, are 
used for the calculations the chromosome frequen- 
cies are close to those reported by Race and Sanger 
(1). This agreement, however, is spurious because 
the exclusion of the Rho(D) negative red cells 
from the data was compensated for by the family 
studies which contained an excess of Rho(D) 
negative cells. The bias introduced by the devices 
used to select the red cells for this study is evident 
when the chromosome frequencies are derived 
from only the red cells that were reacted with the 
I'** anti-Rho(D) and from which the family 
studies had been excluded. These values found 


Father Mother Children 
Phenotype N bound* Phenotype N bound* Genotype N bound* 

(CDe/cdE) rr (cde/cde) 0.17 R'r (CDe/cde) 2.22 
R'R? (CDe/cDE) 3.41 R'r (CDe/cde) 2.48 
R?R2 (cDE/cDE) r’r (cdE/cde) 0.15 (cDE/cdE) 1.86 
(eDE/cdE) 2.96 (cDE/cdE) 1.50 
R'r (CDe/cde) 1.47 r’r (cdE/cde) 0.13 rr(cde/cde) 0.26 
(CDe/cDe) 

R'r’ (CDe/Cde) t r’r (Cde/cde) 0.10 R'r’ (CDe/Cde) 1.49 
R'r (CDe/cde) r’r (Cde/cde) 0.14 
R'r (CDe/cde) 1.81 R'r (CDe/cde) 1.90 rr (cde/cde) 0.16 


R!R® (CDe/cDe) 


R'R® (CDe/cDe) 


* 10°? ug N per 0.01 ml centrifuged red cells. 
+ Father not available for study. 
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TABLE XII 
No::reacting Rho(D) positive red cells 


Phenotype red cells* 


0.17 
0.24 


O, (cdE/cde), pos. 
O, r’r (Cde/cde), D® pos. 
B, R®°r (cDe/cde) or 

R®R® (cDe/cDe) 
O, R®°r (cDe/cde) or 

R®R® (cDe/cDe) 


0.53 


0.32 


* The mean nitrogen bound to Rho{ D) negative red cells 
has not been subtracted from the values in the table. 


in the second column of Table X differ consider- 
ably from the values expected for a Caucasian 
population (last column, Table X ). 

Family studies. The data obtained by studying 
the red cells of five families with eight children 
are shown in Table XI. The first four families 
involve Rho(D) incompatible mating in which the 
father is Rho(D) positive and the mother is 
Rho(D) negative. Of the seven children that were 
studied, two were Rho(D) negative and five were 
Rho(D) positive. Four of the five heterozygous 
Rho(D) positive red cell samples obtained from 
these children took up a quantity of antibody 
nitrogen that was within the lower peak of the 
bimodal distribution found in the population study. 
The R'r red cells of one child had a value, 2.48 
x 10° pg N, that was slightly greater than the 
2.3 X 10° value which was used to divide the dis- 
tribution of this particular phenotype into two 
groups. 


In one family both the mother and child were 
Rho(D) negative and the father was Rhy(D) posi- 
tive. The antibody nitrogen bound to the father’s 
heterozygous Rho(D) red cells was within the 
lower nitrogen value group. In the last family 
shown on Table IV the child was Rho(D) negative 
and the parents were Rho(D) positive. The 
heterozygous Rho(D) positive red cells of both 
parents had nitrogen values that were within the 
lower nitrogen peak of the bimodal distribution. 

Reactivity of the red cell used to immunize. 
Two different red cells involved in the immuniza- 
tion of the antiserum donor were available for test- 
ing with the I'** anti-Rhp(D). One of the cells 
was the husband’s red cell whose phenotype was 
A, R'R' (CDe/CDe) or R'r’ (CDe/Cde). The 
other cell, A,, R°r (cDe/cede) or R°R® (cDe 
/cDe), was the red cell used to reimmunize the 
donor. Both of these cells were reacted with the 
I**! anti-Rho(D) to see if their reactivity was con- 
sistent with that found with other Rho(D) positive 
red cells of the same Rh phenotype. The hus- 
band’s cells took up 2.70 x 10°? pg. N per 0.01 ml 
RBC and the red cells used as the “booster” 
antigen took up 2.26. Both of these values fell 
within the range of values obtained with other red 
cells of similar Rh phenotype. 

Rhy(D) variants. Of the 278 different Rhy(D) 
positive red cells studied, four different cell sam- 
ples were found that did not take up significant 
quantities of the I"! anti-Rhy(D). Two of these 
cell samples were D" positive and two were D" 


negative. The phenotypes and quantity of anti- 


TABLE XIII 


Assignment of antibody nitrogen values* 


Heterozygous Rho(D) 


Homozygous Rho(D) 


Phenotype Nitrogent 


R?R? or 

R*r, R?R®°, or R°r’”’ 
R°r or R°R® 

Total R2, R° 

R'r, R'R®, or Rr’ 
or R!r’ 

R'R?, or R'r” or R2r’ 


Total R', R? 


2.44 + 0.08 
2.48 + 0.05 
2.18 


2.44 + 0.04 
1.70 + 0.03 
2.02 + 0.04 


1.78 + 0.03 - 


Nitrogent 


5 3.90 + 0.11 
28 4.38 


3.95 + 0.11 


2.91 + 0.16 
2.64 + 0.04 
2.97 + 0.08 


2.82 + 0.05 


* The table is based on red cells derived from 199 Caucasian individuals. 
+ The nitrogen value represents the mean and standard error of the mean in units of 10~* wg N bound to 0.01 ml RBC. 
t Represents the number of different red cell samples of the phenotype indicated which were used to determine the 


mean nitrogen value. 
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body nitrogen taken up by these four red cell 
samples are shown in Table XII. These four 
samples took up only 10 to 15 per cent of the 
nitrogen that was bound to the other Rho(D) 
positive red cell samples, and in all cases, except 
one, these cells took up more I'*' than did the 
Rho(D) negative red cells. All four cell samples 
were negative by the indirect antiglobulin test after 
reaction with the I'*' anti-Rhy(D). The original 
serum and the I'*!-y-globulin fraction before the 
absorption-elution procedure, however, gave posi- 
tive indirect antiglobulin reactions with these cells. 
Although an antibody to the Rho(D) antigen pres- 
ent in these red cells was available in the original 
antiserum, it apparently was lost during the stroma 
absorption and elution procedure. 

Assignment of genotype to antibody values. 
Table XIII presents a summary of the Rhy(D) 
red cell antigen content of the common Rho(D) 
genotypes. These values were derived from the 
study of 199 samples of Caucasian red blood cells 
and the genotype was assigned to these values 
using the data obtained from the family studies. 


DISCUSSION 


The Rhy(D) antigen content of the red cell has 
been estimated from the quantity of I**' incomplete 
anti-Rhy(D) bound to the red cell. A bimodal 
distribution of the red cell Rhg(D) content was 
found in a population of 199 different Rho(D) 
positive red cell samples. Family studies indicate 
that the two groups of red cells are related to the 
Rho(D) genotype of the individual from whom the 
cells were obtained. The segregation into two dis- 
tinct populations was most evident for the red cells 
free of the rh’(C) antigen. The rh’(C) positive 
kho(D) containing red cells differed from the 
rh’(C) negative cells in two ways. There was an 
absolute decrease in total Rhy(D) antigen content 
as defined by the quantity of I’! anti-Rho(D) 
bound to these cells and the cells were not as 
sharply separated into two groups. The homozy- 
gous rh’(C) red cells showed the poorest separa- 
tion into two groups (middle bar graph in Figure 
4). The Rhy(D) homozygous red cell in this case 
had a greater decrease in Rhg(D) content than did 
the heterozygous Rho(D) cell. The nonpropor- 
tional decrease of the Rhy(D) antigen in the two 
genotypes resulted in overlapping of the two dis- 
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tributions, so that a separation of the two Rho(D) 
genotypes was not as clearly defined as that ob- 
served in the other Rh genotypes. 

The suppressive or inhibiting effect of rh’(C) 
on the quantitative expression of the Rh»(D) 
property has been recognized by many investi- 
gators (20-22). This study is inadequate to ex- 
plain the effect of the rh’(C) antigen on the 
quantity of I'*' anti-Rho(D) bound to rh’(C) 
positive red cells. The decrease in antibody uptake 
by these cells may be due to an immunological 
effect exerted by the rh’(C) antigen or the effect 
may be due to a genetic mechanism. Current 
genetic theories postulate that the rh’(C) effect 
represents a decreased elaboration of the Rho(D) 
antigen resulting from either competition for a 
common substrate (22) or from some interaction 
between alleles at the Rh locus (21). The effect 
of rh’(E) on the quantity of I'*' anti-Rho(D) 
bound to rh’(E) positive red cells cannot be 
evaluated adequately since only four samples of 
R°r (cDe/cde) or R°R® (cDe/cDe) red cells were 
studied. The precise analysis of the interaction 
of the Rho(D), rh’(C) and rh”(E) antigens must 
await more detailed family studies and a technique 
for the direct determination of the Rho(D) red 
cell antigen content. 

An effort was made to critically evaluate and 
experimentally control the two obvious limitations 
associated with the use of I**! anti-Rhy(D) to esti- 
mate the red cell Rho(D) antigen content. One is 
the experimental error resulting from the tech- 
niques used to handle particulate suspensions 
(cells) quantitatively and the other is the immuno- 
chemical variability or heterogeneity of the Rhy(D) 
antigen. 

The errors introduced into the results consist of 
those due to the experimental procedures and those 
that may result from the use of the hematocrit as 
an index of the number of cells present in the cell 
suspension. The assumption that the hematocrit 
is directly proportional to the number of cells im- 
plies that there is no change in cell volume during 
the study and that there is uniformity of red cell 
The 


results obtained in the storage experiments (Table 


volume from one individual to the next. 
V) indicate that there was no demonstrable 
change in cell volume during storage and that the 
reactivity of the antigen sites was unaffected by 
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either the conditions of storage or the procedures 
used in these studies. 

The errors due to the experimental procedures 
can be evaluated from the variances listed in Table 
IV. These results indicate that less than one-fifth 
of the total variance is due to the procedure in 
which the red cells are reacted with the I'** anti- 
Rhj(D). The major source of error is associated 
with the determination of the hematocrit of the red 
cell suspension that is used in the reaction with 
the labeled antibody. 

A reliable estimate of the number of antigen sites 
which is based on the quantity of cell-bound anti- 
body requires that the reaction be in antibody ex- 
cess. Insufficient antibody to saturate all the avail- 
able antigen sites in the red cell suspension would 
lead to an underestimation of the antigen sites. 
The presence of antibody excess in these experi- 
ments was determined in two ways; in one case, 
the supernates from Rho(D) positive cells were 
tested for free antibody, and in the other method, 
the sensitized, presumably saturated red cells, were 
re-reacted with additional antibody. The results 
obtained by both techniques showed that excess 
antibody was present (Tables VIII and IX). 

The quantity of I'*' taken up by Rhe(D) nega- 
tive red cells is one of the possible indices of the 
specificity of the I'*! bound to Rhe(D) positive red 
cells. The amount of I'*' taken up by the Rhy(D) 
negative red cells was less than 6 per cent of the 
I'** bound to Rho(D) positive red cells and was 
independent of the Rh or ABO phenotype (Table 
VII). Although previous absorption of the I**' 
anti-Rhy(D) negative red cells does not affect the 
content of anti-Rhy(D), the nature of the I'* pro- 
tein bound to the Rhy(D) negative red cells has 
not been defined by these experiments. 

The specificity of the anti-Rhg(D) was also evi- 
dent in the experiments carried out on the Rho(D) 
positive red cell supernates. A constant quantity 
of antibody was recovered when the antibody 


found in the supernate was added to the antibody 


taken up by the original red cell. This was true 
irrespective of the type of Rho(D) positive red cell 
used to absorb the antibody remaining in the 
supernate (Table VIII and Figure 1). The total 
recovery of antibody was, in addition, independent 
of the amount removed by the first Rho(D)_ posi- 
tive red cell. These findings indicate that the 
Rhy(D) quality defined by the anti-Rho(D) 
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was specific and consistent with a single anti- 
Rhy(D) which was absorbed stoichiometrically by 
a large number of Rho(D) positive red cells. 

The heterogeneity of the Rho(D) antigen has 
been documented by many investigators (1). 
Four Rho(D) positive red cell samples that did 
not react with the I'*! anti-Rhy(D) were found 
in this series. The occurrence of these cells indi- 
cates that the antibody preparation used in this 
study was selected for a given quality or qualities 
of the Rhy(D) antigen by the techniques employed 
to obtain the antibody. Two independent opera- 
tions served to define the Rhy(D) specificity of the 
anti-Rhy(D). Specificity was determined by 
the nature of the antigens that were used to im- 
munize the donor (multiple pregnancies and in- 
tentional re-immunization) and by the Rho(D) 
antigen content of the red cell stroma used to con- 
centrate the I*** anti-Rhg(D). The use of a pool 
of red cell stroma derived from many Rhy(D) 
positive red cell samples was an attempt to min- 
imize the selective role of the stroma absorption 
and elution technique. In spite of these precau- 
tions it is evident that the I'*! anti-Rho(D) used 
in this study did not contain antibodies to all the 
Rho(D) antigens. 

Additional evidence for the heterogeneity of the 
Rho(D) antigen was the distribution of the 
Rhyo(D) antigen content in Negro red cells. The 
Rhy(D) antigen content in these red cells showed 
a distribution different from that found in Cau- 
casian red cells. Inadequate numbers of such cells 
have been studied to determine if the difference 
noted is significant. Such a difference is consistent 
with the recognized difference in the frequency of 
many of the blood group antigens in the Negro 
(23). 

The gene-product determined by these studies 
(blood group antigen) is restricted to the con- 
figuration of the antibody combining site on a 
mucopolysaccharide molecule if the Rho(D) an- 
tigen resembles the ABO antigens (24, 25). Al- 
though a high degree of specificity exists for this 
site, it probably represents only a very small 
fraction of the total molecule (26, 27). As a 
result, only a fragment of the gene-controlled 
molecule is visualized so that no inference concern- 
ing the rest of the molecule can be drawn from 
these studies. It is conceivable that the antigenic 
configurations responsible for the different blood 
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group specificities are all found on a common 
molecule. The concept of such a basic blood group 
nucleus has been postulated for the Rho(D) an- 
tigens (28). If experimental support can be ob- 
tained for this concept then the basic blood group 
nucleus would represent a molecule whose synthe- 
sis is dependent on many genes. The blood group 
antigens would then resemble other gene-con- 
trolled molecules, such as hemoglobin, which are 
believed to be under the control of several different 
genes (29). This resemblance, however, may be 
superficial in that the hemoglobin loci control 
primary protein structure (30), whereas the im- 
munochemical specificity of the blood group sub- 
stances could be due to changes confined to only 
the secondary protein structure. 

An estimate of the number of antigen molecules 
or sites can be derived from these data if certain 
assumptions are granted. If the specific antibody 
iodinates to the same extent as the total y-globulin 
fraction (16) and if 1.6 x 10° is used for the 
molecular weight of the Rhy(D) iso-antibody, the 
homozygous Rho(D) cell contains about 10,300 
antigen sites and the heterozygous cell about 6,400 
For the rh’ (C) positive cell these 
These 


antigen sites. 
values are 7,400 and 4,600, respectively. 
values, although larger, are of the same order of 
magnitude as those that have been estimated with 
the techniques employed in previous studies (4-7). 
It will be of interest to determine the quantity of 
antibody bound to an individual cell to check 
the validity of these values which are based on 
averages. 

The results obtained with the application of 
these techniques to the Rhg(D) antigen indicates 
that the use of an I'*! labeled iso-antibody offers 
an exquisitely sensitive method for studying the 
distribution, quantity and specificity of the blood 
group antigens. The ability to quantitatively eval- 
uate these parameters provides a means of inves- 
tigating the genetic and immunochemical inter- 
relationships of the substances of the blood groups. 
An obvious clinical application of this study has 
been made to the problem of hemolytic disease of 
the newborn due to Rh incompatibility. The geno- 
type of Rhy(D) positive fathers has been deter- 
mined using the data of this study so that a 
prognosis could be made with regard to future 


pregnancies. 
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CONCLUSIONS 


1. An estimate of the Rhy(D) antigen content 
of 199 different Caucasian red cells was obtained 
from the quantity of I'** trace labeled incomplete 
anti-Rho(D) bound to the red cells. 

2. The validity of the technique was evaluated 
by defining the experimental errors, the Rho(D) 
specificity of the I'*' anti-Rho(D), and the quan- 
titative relationship between volume of red cells, 
quantity of I'** anti-Rhg(D) bound to the red 
cells, and the I'*! anti-Rhp(D) that could be dem- 
onstrated in the supernate. 

3. The quantity of I'*t anti-Rhy(D) bound to 
rh’(C) negative, Rho(D) positive red cells showed 
a bimodal distribution. The group of cells with 
the higher antigen content (1.6 times) was iden- 
tified with the homozygous state |Rhg(D), 
Rho(D)]| and the other group with the heterozy- 
gous state |Rho(D)], rh(d), by using genetically 
defined heterozygous Rhy(D) red cells obtained 
from family studies. 

4. The rh’(C) positive red cells took up only 
70 to 73 per cent of the I'*! anti-Rhy(D) that 
was bound to the rh’(C) negative cells. The 
decrease in quantity of bound anti-Rhg(D) 
was uniform for both Rho(D) genotypes, except 
for the cells homozygous for the rh’(C) antigen. 

This effect of the rh’(C) antigen on the Rho(D) 
content may be apparent (immunochemical basis ) 
or absolute (genetic mechanism ). 

5. Evidence for the heterogeneity of the Rhy(D) 
antigen was obtained. As a result the data pre- 
sented apply only to the Rhy(D) antigen defined 
by the particular I'*' anti-Rhy(D) used in this 
study. 


REFERENCES 


1. Race, R. R., and Sanger, R. Blood Groups in Man, 
3rd ed. Oxford, Blackwell Scientific Publications, 
1958. 

2. Epstein, A. A., and Ottenberg, R. 
of performing serum reactions. 
Soc. 1908, 8, 117. 

3. Landsteiner, K., and Levine, P. Further observa- 
tions on individual differences of human_ blood. 
Proc. Soc. exp. Biol. (N. Y.) 1927, 24, 941. 

4. Grubb, R. An estimate of the number of Rh re- 
ceptors on a single red cell. Acta genet. (Basel) 
1955, 5; 377. 

. Boursnell, J. C., Coombs, R. R., and Rizk, V. 
Studies with marked antisera. Quantitative stud- 
ies with antisera marked with iodine-131 isotope 


Simple method 
Proc. N. Y. path. 


wm 


| 
age 
1461 
a 
a 
« : 
‘ 
\ 
| fe 
4 
\ 


1462 


6. 


10. 


and their corresponding red-cell antigens. Bio- 
chem. J. 1953, 55, 745. 

Wiener, A. S., and Gordon, E. B. Quantitative test 
for antibody-globulin coating human blood cells 
and its practical applications. Amer. J. clin. Path. 
1953, 23, 429. 


. Masouredis, S. P. Reaction of I-131 trace labeled 


human anti-Rh,(D) with red cells. J. clin. Invest. 
1959, 38, 279. 


. Masouredis, S. P. Relationship between genotype 


and Rh,(D) antigen sites on the red blood cell 
(abstract). J. clin. Invest. 1959, 38, 1024. 


. Masouredis, S. P. Rh,(D) genotype and red cell 


Rh,(D) antigen content. Science, 1960, 131, 1442. 

Nichol, J. C., and Deutsch, H. F. Biophysical stud- 
ies of blood plasma proteins. VII. Separation of 
y-globulin from the sera of various animals. J. 
Amer. chem. Soc. 1948, 70, 80. 


. Dunsford, I., and Bowley, C. C. Techniques in blood 


grouping. Springfield, Ill., Charles C Thomas, 


1955. 


. Kabat, E. A., and Mayer, M. M. Experimental Im- 


munochemistry. Springfield, Ill, Charles C 


Thomas, 1948. 


. Kunkel, H. G., and Slater, R. J. Zone electrophore- 


sis in a starch supporting medium. Proc. Soc. exp. 
Biol. (N. Y.) 1952, 80, 42. 


. Guest, G. M., and Siler, V. E. Centrifuge method for 


determination of volume of cells in blood. J. Lab. 
clin. Med. 1934, 19, 757. 


. McGovern, J. J., Jones, A. R., and Steinberg, A. G. 


Hematocrit of capillary blood. New Engl. J. Med. 
1955, 253, 308. 


. Masouredis, S. P., Melcher, L. R., and Koblick, 


D. O. Specificity of radioiodinated (I 131) im- 
mune globulin as determined by quantitative pre- 
cipitin reaction. J. Immunol. 1951, 66, 297. 


. Masouredis, S. P. Toxicity and immunochemical 


properties of I 131 trace labelled diphtheria toxin. 
J. Immunol. 1957, 79, 516. 


. Brecher, G., Schneiderman, M. A., and Williams, 


G. Z. Evaluation of electronic red blood cell 
counter. Amer. J. clin. Path. 1956, 26, 1439. 


19. 


20. 


22. 


23. 


24. 


26. 


29. 


30, 


S. P. MASOUREDIS 


Mattern, C. F. T., Brackett, F. S., and Olson, B. J. 
Determination of number and size of particles by 
electrical gating: Blood cells. J. appl. Physiol. 
1957, 10, 56. 

Race, R. R., and Sanger, R. The inheritance of 
blood groups. Brit. med. Bull. 1959, 15, 99. 


. Ceppellini, R., Dunn, L. C., and Turri, M. An in- 


teraction between alleles at the Rh locus in man 
which weakens the reactivity of the Rh, factor 
(D"). Proc. nat. Acad. Sci. (Wash.) 1955, 41, 
288. 

Rosenfieid, R. E. The complexity of Rh antigens. 
Bibl. haemat. (Basel) 1959, 10, 557. 

Giblett, E. R., and Chase, J. J,*, a “new” red-cell 
antigen found in Negroes; evidence for an eleventh 
blood group system. Brit. J. Haemat. 1959, 5, 
319. 

Kabat, E. A. Blood Group Substances; Their Chem- 
istry and Immunochemistry. New York, Academic 
Press, 1956. 


. Morgan, W. T. J., and Watkins, W. M. Some 


aspects of the biochemistry of the human _blood- 
group substances. Brit. med. Bull. 1959, 15, 109. 
Campbell, D. H. The nature of antibodies. Ann. 
Rev. Microbiol. 1948, 2, 269. 
Kabat, E. A. Size and heterogeneity of the com- 
bining sites on an antibody molecule. J. cell. comp. 
Physiol. 1957, 50, suppl. 1, 79. 


. Wiener, A. S., and Unger, L. J. Rh factors related 


to the Rh, factor as a source of clinical problems. 
Diagrammatic representation of their reactions 
and prediction of still undiscovered Rh_ factors. 
J. Amer. med. Ass. 1959, 169, 696. 

Neel, J. V. Genetic aspects of abnormal haemoglo- 
bins in Abnormal Haemoglobins, J. H. P. Jonxis 
and J. F. Delafresnaye, Eds. Oxford, Blackwell 
Scientific Publications, 1959. 

Ingram, V. M. Gene mutations in human haemo- 
globin: The chemical difference between normal 
and sickle cell haemoglobin. Nature (Lond.) 

1957, 180, 326. 


at 
| 
} 
7 
E 
3 
= 


CHEMICAL CHARACTERIZATION OF CARDIAC MYOSIN FROM 
NORMAL DOGS AND FROM DOGS WITH CHRONIC 
CONGESTIVE HEART FAILURE 


By JAMES O. DAVIS, WILLIAM R. CARROLL, MARY TRAPASSO anp 
NICHOLAS A. YANKOPOULOS wit THE SURGICAL ASSISTANCE OF 
ALFRED CASPER 


(From the Section on Experimental Cardiovascular Disease, Laboratory of Kidney and 
Electrolyte Metabolism, National Heart Institute, and the Section on Physical 


Biochemistry, Laboratory of Physical Biology, National Institute of 


The size and chemical nature of the myosin 
molecule have been studied extensively in enzyme 
preparations obtained from skeletal muscle (1-7), 
but a paucity of data is available on cardiac myosin. 
Furthermore, different values for the molecular 
weight of cardiac myosin have been reported. 
Olson (8) reported a value of 223,000 for the 
molecular weight of cardiac myosin whereas Ger- 
gely and Kohler (9) presented evidence that 
myosin from cardiac muscle has a molecular 
weight of 500,000, which is similar to that ob- 
tained during the most recent observations on 
skeletal muscle myosin (4-7). 

It has been suggested that the cardiac myosin 
molecule is altered in cardiac failure to form a 
stable aggregate of the basic monomer and that 
abnormal myosin prevents the formation of normal 
cardiac actomyosin (8). On the contrary, con- 
siderable evidence has been adduced that actomy- 
osin from the failing heart is normal (10). The 
present observations were undertaken to determine 
the molecular size and chemical nature of normal 
cardiac myosin and to compare these data with 
results obtained on cardiac myosin from dogs with 
chronic congestive heart failure. 


METHODS 


Muscle was obtained from the hearts of 12 normal 
dogs, 11 dogs with right-sided cardiac failure secondary 
to surgically-induced tricuspid insufficiency and pulmonic 
stenosis, one dog with naturally occurring right- and 
left-sided congestive failure and 3 dogs with chronic 
ascites produced by constriction of the thoracic inferior 
vena cava. The techniques used for the surgical pro- 
cedures have been described previously (11-13). On the 
day of sacrifice, studies were conducted to determine the 
physiological state of the animals. All measurements of 


cardiovascular pressures were made in trained unanes- 
thetized dogs ; the methods have been described previously 
(13). 


The methods for Na balance measurements are 
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described elsewhere (11, 12); Na intake was 60 mEq 
per day. 

Cardiac muscle was obtained by anesthetizing the 
animals lightly with intravenous sodium pentobarbital, 
opening the chest quickly and excising the beating heart. 
The heart was washed with cold water and placed in a 


container with chipped ice. The right and left ventricular 
walls were separated from the septum. Since only right- 
sided heart failure was present in dogs with tricuspid 
insufficiency and pulmonic stenosis (13), muscle from the 
right and from the left ventricles of these dogs was ex- 
tracted separately for myosin. The left ventricle only 
was used for preparation of myosin from the one dog with 
naturally occurring right- and left-sided cardiac failure 
and from the dogs with constriction of the thoracic infe- 
rior vena cava. Myosin was extracted from combined 
right and left ventricles of normal dogs. 

Myosin was prepared by the method of Gergely (14). 
The extraction of myosin was begun immediately after 
obtaining heart muscle. Since the yield of myosin was 
low, all of the right or left ventricular muscle masses was 
used. To obtain enough myosin for diffusion measure- 
ments, in some instances the right ventricles from 2 dogs 
were combined for extraction and the left ventricles from 
the same animals were extracted as one preparation. The 
procedure to be described for the extraction of myosin 
applies for a quantity of 75 g of cardiac muscle. If less 
muscle was available, the volumes of the extracting media 
were adjusted accordingly. The entire extraction proce- 
dure was carried out at 0° to 5° C. 

Seventy-five g of heart muscle was ground with a meat 
grinder and extracted with 300 ml of a salt solution by 
stirring for 45 minutes. The salt solution contained 0.3 
M KCI, 0.2 M potassium phosphate buffer (pH 6) and 
0.02 M sodium pyrophosphate; the final pH of the solu- 
tion was adjusted to 6.2 with KOH. The muscle extract 
was squeezed through cheesecloth and the residue dis- 
carded. The extract was centrifuged at 2,000 rpm in a 
Lourdes model AT centrifuge for 30 minutes. To pre- 
cipitate the myosin, 10 volumes of glass distilled water 
were added to each volume of the supernatant. The 
precipitate of myosin was allowed to settle for at least 
1 hour and the supernatant was siphoned off. The re- 
maining myosin solution was centrifuged at 8,000 rpm in 
the Lourdes centrifuge for 10 minutes. The supernatant 
was discarded and the residue was dissolved in 2.4 M 
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TABLE I 


Physiological data on experimental animals at the time of sacrifice 


Time Mean right 
Initial after Duration Volume Renal atrial 
Dog body last te) of Na Plasma Plasma pressure LVEDP* 
no. wt operation ascites ascites excretion Na K t E i oF 
ke days days L mEq/day mEq/L mEq/L mm water mm water 
Dogs with right-sided failure produced by tricuspid insufficiency and pulmonic stenosis 
1 18.3 91 80 8.00 4.3 151 2 50 240 95 28 
2 21.5 118 88 0.20 15.4 175 42 
3 20.5 195 192 4.90 39.0 155 3.9 76 190 81 67 
qa 17.0 144 a32° 1.65 142 4.3 65 330 
5 19.0 55 51 2.80 144 4.3 98 140 119 99 
6 18.9 86 79 0.61 5.9 141 4.7 60 144 75 55 
7 18.5 86 68 3.00 2.5 137 3.9 40 152 108 65 
8 25.0 69 68 3.50 149 4.3 275 108 
9 20.5 88 85 3.70 1.4 152 4.7 205 
10 19.0 74 68 0.01 32.6 147 3.5 165 
11 18.6 75 71 0.10 50.5 148 3.8 180 
xX 19.8 98.2 89.2 2.59 19.0 147 4.2 65 199 96 66 
Dog with naturally occurring right- and left-sided heart failure 
1 41.0 150 1.20 153 3.6 230 210 
Dogs with constriction of the thoracic inferior vena cava 
1 17.9 92 88 3.00 1.9 143 4.1 280t 75 
2 18.0 74 61 4.50 7.5 144 3.8 175t 75 
3 22.0 166 165 2.50 0.6 140 4.7 165ft 63 


* LVEDP is the abbreviation for left ventricular end-diastolic pressure. 
+ C and E are abbreviations for control and experimental, respectively. 
t Inferior vena caval pressures instead of right atrial pressures. 


KCl. The solution of myosin was diluted to 0.6 M KCl 
and enough 0.6 M KCi was added to make 100 cc. 
Potassium carbonate was added to adjust the pH to 7.5 
and the solution was stirred overnight with a magnetic 
stirrer. The preparation was centrifuged at 16,500 rpm 
for 30 minutes, in the Lourdes centrifuge. The myosin 
was precipitated for the second time by adding again 10 
volumes of glass distilled water to each volume of myosin 
solution. The myosin was allowed to settle and the 
supernatant was siphoned off and discarded. The myosin 
solution was centrifuged at 8,000 rpm for 10 minutes. 
The residue was dissolved in 2.4 M KCl, diluted to 0.6 M 
KCI and sufficient 0.6 M KCI was added to make 100 cc. 
The pH was adjusted to 7 with potassium carbonate. 
The solution was diluted to 0.3 M and centrifuged at 
8,000 rpm for 10 minutes in the Lourdes centrifuge. The 
third precipitation was carried out by further dilution to 
a 0.06 M solution. The myosin solution was allowed to 
settle overnight. The supernatant was siphoned off and 
the remainder was centrifuged at 8,000 rpm for 10 min- 
utes. The residue was dissolved in 2.4 M KCI and the 
concentration was adjusted to 0.6 M KCl. The myosin 
preparation was centrifuged at 16,500 rpm for 30 minutes 
in the Lourdes centrifuge. The supernatant myosin solu- 
tion was decanted from the pellet and centrifuged in a 
Spinco model L ultracentrifuge for 4 hours at 30,000 rpm. 
The final myosin solution was decanted from the pellet. 
The yields ranged from 75 to 200 mg per 100 g of cardiac 
muscle.! 


' No attempt was made to compare the yields of myosin 
from normal and failing cardiac muscle. The aim of the 
extraction procedure was to achieve purity of preparation 
and the large losses of myosin which occurred would 
make any attempt at quantitation meaningless. 


Measurements of sedimentation velocity of cardiac 
myosin were made with a Spinco model E analytical 
ultracentrifuge. Two samples were centrifuged simul- 
taneously by use of a wedge cell and a plain cell. Either 
two different concentrations of myosin or one concentra- 
tion of myosin with added ATP and MgCl and the same 
preparation and concentration of myosin without these 
compounds were centrifuged. The final concentrations of 
ATP and MgCl. were 5 X 10° M and 10° M, respec- 
tively. Kel F centerpieces were used to prevent denatura- 
tion of the protein. Ultracentrifugation 2 was performed 
at 59,780 rpm or 250,000 G at a temperature of 7° C; 
the bar angle was 60°. Actual sedimentation constants 
were corrected to 20° C and to water as a solvent by the 
standard formula (15). A value of 0.728 was used for 
the partial specific volume of myosin. 

Diffusion measurements were made in an Aminco 
model B electrophoresis apparatus at 6° C, using carefully 
selected cells and the Raleigh interferometer in the man- 
ner described by Longsworth (16). The myosin solu- 
tions were dialyzed for 18 to 20 hours against 0.6 M KCl 
buffered to pH 7.6 with phosphate. Diffusion coefficients 
were corrected to 20° C and to water as a solvent. Sedi- 
mentation constants were determined on all but one of the 
myosin preparations used for diffusion measurements. 

Viscosity was measured with a size II Ubbelohde 
viscosimeter with an outflow time for 0.6 M KCl of 100 
seconds. All viscosity measurements on myosin were 
made within the first day or two after completion of the 


2 Slight variation in the Se,«. has been reported with 
different rotor speeds (3). Ultracentrifugation was per- 
formed at 59,780 rpm because measurements are more 
accurate with this rotor speed than with slower rates of 
sedimentation for large molecules such as myosin (3, 15). 
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preparation. Myosin was dissolved in 0.6 M KCl and 
measurements were made in a constant temperature water 
bath at 22.5°+0.02°C. Multiple determinations on a 
myosin preparation were made by repeated dilution of the 
myosin solution and subsequent measurement of the vis- 
cosity. The relative viscosity (mre1) was determined as 
the ratio of the outflow time for the solution of myosin to 
that of 0.6 M nx» is equal to 

The protein concentration of the myosin solutions was 
determined by micro-Kjeldahl analysis. 


RESULTS 


Physiological studies of experimental animals. 
The results are presented in Table I. The 11 dogs 
with tricuspid insufficiency and pulmonic stenosis 
showed evidence of pure right-sided congestive 
failure. Mean right atrial pressure was markedly 
elevated in every instance, whereas left ventricular 
end-diastolic pressure was normal. Ascites was 
present in all dogs but Na excretion varied from 
1.4 to 50.5 mEq per day. The ratio of right 
ventricular to left ventricular weight was 0.93 in 
comparison with the normal value of 0.51 (13) 
(p < 0.001). Other previously reported data 
(13) on heart and lung weights in dogs with 
cardiac failure secondary to tricuspid insufficiency 
and pulmonic stenosis showed no evidence of left 
ventricular failure or hypertrophy. The average 
duration of life after the second operation (produc- 
tion of pulmonic stenosis) was 98 days, whereas 
the average duration of ascites was 89 days. 

The one animal with naturally occurring conges- 
tive heart failure showed evidence of both right 
and left ventricular hypertrophy and failure. The 
filling pressures in both the right and the left heart 
were elevated. The heart was massively enlarged 
and weighed 502 g. The lungs weighed almost 2.5 
times the average normal value of 9.15 + 1.30 g 
per kg (13) and showed microscopic evidence of 
chronic passive congestion. The liver showed evi- 
dence histologically of chronic congestion and 
presented the characteristic nutmeg appearance 
grossly. 

In addition to the normal animals, three dogs 
with thoracic caval constriction and chronic ascites 
provided control material. These animals were 
not in cardiac failure but they showed essentially 
the same alterations in salt and water metabolism 
and the protein depletion observed in experimental 
heart failure (11-13). Consequently, cardiac 
muscle from the dogs with caval constriction pro- 
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vided a control for evaluation of possible changes 
in failing heart muscle which might be secondary 
to altered electrolyte or protein metabolism. Data 
on their physiological state are presented in Table 
I. An additional finding of interest in these an- 
imals is the presence of both right and left ventric- 
ular atrophy which has been reported elsewhere 
(13). 

Sedimentation velocity studies of myosin. The 
sedimentation of myosin was observed in enzyme 
preparations made from the combined right and 
left ventricles of normal dogs. Myosin from sepa- 
rate right and left ventricles of dogs with right 
heart failure secondary to tricuspid insufficiency 
and pulmonic stenosis was studied while left ven- 
tricular myosin only was obtained from dogs with 
constriction of the thoracic inferior vena cava. In 
addition, studies were made on myosin from the 
left ventricle of a dog with naturally occurring 
right- and left-sided failure. 

Qualitatively the sedimentation patterns were 
identical for myosin from all sources of cardiac 
muscle. The typical sedimentation pattern con- 
sisted of a single peak which suggested homo- 
geneity of the myosin preparation (Figure 1). In 
a few instances, a very small boundary which 
sedimented faster than the principal myosin com- 
ponent was observed. The magnitude of this 
boundary was not sufficient to produce sedimenta- 
tion constants which were different from those 
obtained in myosin preparations with only one 
sedimentation boundary. Addition of ATP im- 
mediately before centrifugation did not influence 
the sedimentation pattern or rate of movement of 
myosin (Figure 1). 

Quantitative data on sedimentation velocity are 
presented in Figure 2. The S204 at zero concen- 
tration for myosin from normal heart muscle was 
6.17 x 10°* seconds. The slopes of the least 
squares straight lines and the y intercepts ( Figure 
2) for the myosin from failing right or left ven- 
tricles, from the nonfailing left ventricle of dogs 
with tricuspid insufficiency and pulmonic stenosis, 
and from the atrophic left ventricle of dogs with 
thoracic caval constriction were not statistically 

different from the values for normal cardiac myo- 
sin. Both the slope of the line and the y intercept 
for myosin from the left ventricle of dogs with 
tricuspid insufficiency and pulmonic stenosis were 
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Fic. 1. ULTRACENTRIFUGAL SEDIMENTATION PATTERNS OF CARDIAC MYOSIN. Centrifugation 
was carried out at 59,780 rpm; bar angle was 60°. In A, cardiac myosin (approximately 3.0 
mg per ml) from a normal dog in upper part of picture (wedge cell) and the same preparation 
with added ATP in the lower picture (regular cell) ; photograph taken at 52 minutes after 
reaching maximal speed. In B, two concentrations (1.5 and 1.0 mg per ml) of cardiac myosin 
from a normal dog after completion of diffusion measurements; picture taken after 72 minutes 
at a speed of 59,780 rpm. In C and D, cardiac myosin in concentrations of 0.9 and 2.5 mg per 
ml from a dog with experimental congestive heart failure secondary to tricuspid insufficiency 
and pulmonic stenosis; photograph in C was taken 12 minutes after reaching maximal speed 
while picture in D was taken after 68 minutes. 
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MYOSIN MG / ML 
Fic. 2. SEDIMENTATION CONSTANTS (S2,w) 
PLOTTED AGAINST THE PROTEIN CONCENTRATION. 
preparation. 
stenosis. 
failure. 


significantly greater (p< 0.01) than those for 
myosin from the failing heart. 

Diffusion measurements on myosin. Data on 
the rates of diffusion of myosin from normal 
cardiac muscle and from cardiac muscle of dogs 
with cardiac failure are presented in Figure 3. 
Extrapolation of the Deo. to zero concentration 
for normal cardiac myosin yields a value of 1.1 
x 10% cm* per second. No differences are ap- 
parent in the rates of diffusion of myosin from 
the normal and experimental material. 

Evidence of heterogeneity of the myosin prep- 
arations was obtained from analysis of the nor- 
malized fringe distances [see Longsworth (16) | at 
different levels in the diffusing boundary. Max- 
imum deviation of these distances was about 12 
per cent, indicating variations of average diffusion 
coefficients of at least 25 per cent. This indication 


MYOSIN MG /ML 


FOR MYOSIN FROM FOUR DIFFERENT SOURCES 


Each symbol represents myosin from a different 
Right ventricular failure was secondary to tricuspid insufficiency and pulmonic 
Left ventricular failure was present in the one dog with naturally occurring cardiac 
RV and LV are abbreviations for right ventricle and left ventricle, respectively. 
weighted least squares straight lines are drawn for each group. 


The 


of polydispersity was apparent in myosin solutions 
from both normal and experimental hearts. 
Viscosity measurements. The viscosity of my- 
osin was measured in enzyme preparations from 
the combined right and left ventricular masses of 
normal dogs, from separate right and left ven- 
tricles of dogs with right-sided failure secondary 
to tricuspid insufficiency and pulmonic stenosis, 
and from the left ventricle only of dogs with 
thoracic caval constriction. The results are pre- 
sented in Figure 4 where 7.)/C is plotted against 
the concentration of myosin. For normal cardiac 
myosin, an excellent linear relation between ys)/C 
and concentration with evidence of concentration 
dependence is present between concentrations of 
3.5 and 0.4 mg per ml. In the very dilute solu- 
tions of myosin (below 0.4 mg per ml), the results 
varied among different enzyme preparations. With 


| 
1467 
7 7 
6 + 6 v v e : 
20W 4 é 20W 4 
3 3 
2 2 
| 
7 7 
6 6 s 
e a x ue 
e 
20W 20W 
e e 
| 
gi 
aS 


DAVIS, CARROLL, TRAPASSO AND YANKOPOULOS 
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OLV-T1+PS 
LV-NATURAL CHF 


| | 


: 3 4 
MYOSIN (mg /mL) 


COEFFICIENTS (Deo, w ) PLOTTED AGAINST PROTEIN 
The symbols @ and _] are for myosin from failing ventricular 
muscle, whereas A and © represent myosin from normal muscle and from nonfailing 
left ventricle of dogs with tricuspid insufficiency (TI) and pulmonic stenosis (PS), 
respectively. CHF is the abbreviation for congestive heart failure. 


Fic. 3. Dirrusion 
CONCENTRATION, 


FOR MYOSIN 


one myosin preparation, the 4. /C fell almost to 
zero, whereas in two other preparations »./C in- 
creased. If this peculiar behavior at low concen- 
trations is neglected, the intrinsic viscosity (q.p)/C 
at zero concentration) is 1.8. Cardiac myosin 
from dogs with thoracic caval constriction pro- 


vided another source of control material (Figure 


4); the peculiar viscosity values at very low con- 


centrations were again observed. 


The viscosity of myosin from the right ventricle 
of dogs with right-sided congestive failure did not 
appear to differ from myosin from normal dogs or 
dogs with caval constriction. Both myosin from 
the right ventricle and myosin from the left ven- 
tricle of dogs with right heart failure secondary 
to tricuspid insufficiency and pulmonic stenosis 
showed an increase in viscosity at low concentra- 
tions. Also, one myosin preparation from the left 
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ventricle of a dog with right heart failure gave 
similar response to one myosin preparation from 
a normal heart in that y.),/C decreased progres- 
sively at very low myosin concentrations. 


DISCUSSION 


The present physicochemical measurements of 
cardiac myosin have yielded results very similar 
to those reported for skeletal muscle myosin 
(1-7). There is good agreement (3-7) that the 
S2ow for skeletal muscle myosin is in the range 
of 6.15 to 6.40 x 10°!’ seconds. Laki and Carroll 
(4) obtained a value of 1.0 x 107 cm? per second 
for the diffusion coefficient of skeletal myosin, If 
the peculiar viscosity behavior at concentrations 
below 0.4 mg per ml is neglected, the present 
measurements of the intrinsic viscosity of cardiac 
myosin from normal hearts show a value of 1.8 
which is similar to that reported by others (1, 2, 
7) for skeletal muscle myosin. Calculations of the 
molecular weight of cardiac myosin from normal 
heart muscle, from the present Szo,4 of 6.17 x 10° 
seconds and the diffusion coefficient of 1.1 x 10% 
cm? per second, give a value of 501,000. However, 
the scatter of sedimentation and diffusion con- 
stants is sufficient to include values from 450,000 
to 550,000 for the molecular weight. 

Also, the findings in this study are in excellent 
agreement with the results of Gergely and Kohler 
(9) from studies of normal cardiac myosin. They 
obtained a value of 500,000 for the molecular 
weight from light scattering measurements. The 
present data and those of Gergely and Kohler ap- 
pear to be at variance with the finding of Olson 
(8) of a value of 223,000 for normal cardiac 
myosin. However, the results from all three lab- 
oratories would be reconcilable if Olson’s myosin 
preparations consisted of monomers, whereas the 
cardiac myosin prepared by Gergely and Kohler 
and the present preparations consisted mostly of 
myosin in the form of dimers, 

The close similarity of the magnitude of the 
parameters from the present data on cardiac my- 
osin to those of Holtzer and Lowey (7) and others 
(2-6) for skeletal myosin suggests that the shape 
of the cardiac myosin molecule is very similar, if 
not identical, to that for skeletal myosin. From 
sedimentation, viscosity and light scattering meas- 
urements, Holtzer and Lowey (7) reported a 
molecular weight of 493,000 for skeletal muscle 
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They suggested that myosin is a rod 


myosin, 
1,620 A long and 26 A thick. If myosin prepara- 
tions which yield values of approximately 500,000 
for the molecular weight consist mostly of dimers, 
it appears that the two monomers of myosin are 
arranged end-to-end to form a dimer. In this 
event, the molecular dimensions described by Holt- 
zer and Lowey (7) would apply to the dimer. 

Another similarity between the present cardiac 
myosin preparation and skeletal muscle myosin is 
the occurrence of polydispersity. The diffusion 
data in this study provide evidence for a poly- 
disperse system from analysis of the normalized 
fringe distances at different levels in the diffusing 
boundary. In the ultracentrifuge patterns, the 
occasional presence of a small sedimentation com- 
ponent which moved faster than the principal 
sedimenting boundary is probably a reflection of 
polymerized myosin. Aggregation of the basic 
myosin monomer, with the resultant appearance of 
a fast-moving component during ultracentrifuga- 
tion, has been observed for skeletal muscle myosin 
(7, 17). 

The present viscosity measurements of cardiac 
myosin showed a peculiar finding in very dilute 
solutions (below 0.5 mg per ml). The y)/C in- 
creased markedly in some preparations and de- 
creased in others. The phenomenon occurred with 
myosin from both normal and failing hearts and 
with cardiac myosin from dogs with thoracic caval 
constriction. Similar changes in the viscosity of 
cardiac myosin at low concentrations have been 
reported previously by Olson (8). In view of the 
the irreproducibility of the viscosity measurements 
among different myosin preparations from the 
same sources of material (normal or failing ven- 
tricle), the possibility must be considered that 
viscosity measurements at very low concentrations 
do not represent the true viscosity of the solution. 
It does not seem likely that the viscosity changes at 
low concentrations were the result of the tempera- 
ture (22.5° C) at which viscosity was measured, 
since Olson (8) observed the same peculiar vis- 
cosity at 1° C. Also, Holtzer and Lowey (7) con- 
cluded that the slight difference in intrinsic vis- 
cosity of myosin measured at 1° and at 26° C was 
probably not significant. 

The results of this study show no difference 
between cardiac myosin from normal dog hearts 
and from either the right or left ventricle of dogs 
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with right-sided congestive failure secondary to tri- 
cuspid insufficiency and pulmonic stenosis. Also, 
left ventricular myosin from the one dog with 
naturally occurring right and left ventricular fail- 
ure appeared normal. These findings are in con- 
trast to the results of Olson (8) who reported that 
an abnormal cardiac myosin was extracted from 
the combined right and left ventricles of dogs with 
tricuspid insufficiency and pulmonic stenosis. Ol- 
son and Piatnek (18) reported that their dogs 
with tricuspid insufficiency and pulmonic stenosis 
were in left ventricular failure. 

In the present study, cardiac myosin was ob- 
tained from separate right and left ventricles of the 
animals with cardiac failure. This procedure was 
adopted so that myosin from the specific failing 
chamber (right or left ventricle) could be com- 
pared with normal material. There was no evi- 
dence for left ventricular failure in the present 
dogs with tricuspid insufficiency and pulmonic 
stenosis, and an earlier more extensive study (13) 
also revealed pure right-sided cardiac failure in 
dogs with tricuspid insufficiency and pulmonic 
stenosis. 

It has been suggested by Benson (19) that 
actomyosin is partially fragmented into uncom- 
bined myosin and actin in dogs with experimental 
cardiac failure secondary to tricuspid insufficiency 
and pulmonic stenosis. However, recent extensive 
studies of cardiac actomyosin (10) have failed to 
confirm the findings of Benson. Sedimentation 
velocity and viscosity measurements of cardiac 
actomyosin from the right ventricle of dogs with 
chronic experimental congestive failure, produced 
by either tricuspid insufficiency and pulmonic 
stenosis or by severe pulmonic stenosis alone, 
showed no evidence for altered actomyosin in 7 of 
11 dogs. In the other four animals, a slow sedi- 
menting component was present in the sedimenta- 
tion diagrams but this appeared to be a preparation 
or extraction artifact. The present observations 


and those reported previously on actomyosin (10) 
offer no support for the view that altered con- 


tractile proteins constitute the biochemical defect 
in the failing heart. 


SUMMARY AND CONCLUSIONS 


The molecular weight of cardiac myosin was 
determined from sedimentation and free diffusion 
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data; a value of approximately 500,000 was ob- 
tained for normal cardiac myosin. Measurements 
of the intrinsic viscosity of cardiac myosin from 
normal hearts showed a value of 1.8. Sedimenta- 
tion velocity, viscosity and diffusion measurements 
of myosin showed no differences between myosin 
prepared from normal hearts and myosin obtained 
from failing ventricular muscle. Also, the present 
physicochemical constants for cardiac myosin are 
in good agreement with data described by others 
for skeletal muscle myosin. 
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DIABETES INSIPIDUS * 


By CHARLES R. KLEEMAN, JERRY KOPLOWITZ, MORTON H. MAXWELL, 
RALPH CUTLER anp J. THOMAS DOWLING with THE TECHNICAL 
ASSISTANCE OF EMMA RADLER anp ROSE TWISS 


(From Wadsworth Hospital, Veterans Administration Center, and the Department of Medicine, 
University of California at Los Angeles Medical Center, Los Angeles, Calif.) 


(Submitted for publication March 7, 1960; accepted May 16, 1960) 


The impaired water diuresis of adrenal or 
pituitary insufficiency is completely corrected by 
the administration of cortisol and other glucocorti- 
coid analogues (1-5). This correction results not 
from improved renal hemodynamics, altered tu- 
bular reabsorption of solutes, or removal of a 
nonosmotic (volume) stimulus to continued anti- 
diuretic hormone (ADH) release, but probably 
from a direct effect of the steroid on the diluting 
segments of the nephrons (2, 6). This interpre- 
tation implies that the formation, release and in- 
activation of ADH are normal in the adrenal- 
insufficient subject. Most of the available data in 
humans would tend to confirm this implication 
(1, 2, 5-14). Others, however, have suggested 
that glucocorticoids may be either biological an- 
tagonists of ADH (15-19) or may improve the 
impaired water excretion in adrenal and pituitary 
insufficiency by correcting a defect in the metab- 
olism of ADH (18, 20-22). 

In the present investigation, the interrelationship 
between adrenal glucocorticoids and ADH was 
evaluated by observing the effect of the steroid 
on the parameters of water diuresis and anti- 
diuresis. The experiments were designed to an- 
swer the following questions. What is the effect 
of acute and chronic administration of glucocorti- 
coid on: 7) maximal sustained water diuresis in 
normals and in patients with diabetes insipidus? 
2) the acute and sustained release of ADH from 
the neurohypophysis following both osmotic and 
nonosmotic stimuli? 3) the rate of inactivation of 
circulating ADH following inhibition of its release 


* This investigation was supported (in part) by Re- 
search Grant no, A-2972 from the National Institute of 
Arthritis and Metabolic Diseases, Bethesda, Md., and by 
a grant from the Upjohn Company. 


from the neurohypophysis ? and 4) the renal action 
of endogenous and exogenous ADH? The results 
indicate that these steroids do not alter the release, 
inactivation, or action of ADH in normal in- 
dividuals. 


METHODS AND MATERIALS 


Forty-three experiments were performed on 20  sub- 
jects. Sixteen were normal house staff physicians and 
laboratory technicians, two were patients in the euthyroid 
phase following I™ therapy of thyrotoxicosis, and two 
were well documented cases of idiopathic diabetes in- 
spidus. All subjects were between the ages of 20 and 40. 
Each subject served as his own control in paired studies 
of the effects of exogenous glucocorticoids on water 
metabolism. The steroids given were cortisol, 150 to 200 
mg, or 6-methyl-prednisolone (Medrol), 20 mg. Chronic 
administration consisted of giving the steroid orally for 
4 to 5 days prior to and, in an intravenous drip, during 
the experiment. “Acute” administration consisted of giv- 
ing the steroid during the experiment only. In some 
paired studies the steroid was given during the. first 
study ; in others the procedure was reversed. 

The technique employed for attaining a maximal sus- 
tained water diuresis, the calculation of the parameters of 
diuresis and antidiuresis, and the chemical procedures 
used in this laboratory have been described previously 
(2). When the steroid was administered on the day of 
an experiment, it was given as a constant intravenous 
infusion of 20 mg of 6-methyl-prednisolone (3 mg_ per 
hour) or 100 mg of cortisol (15 to 20 mg per hour) 
throughout the experiment. 


RESULTS 


The effect of acute and chronic steroid administra- 
tion on the parameters of maximal sustained 
water diuresis in normal subjects and in patients 
with diabetes insipidus (Table 1) 


When the adrenal steroid was given acutely, the 
control periods of maximal diuresis were com- 
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TABLE I 


Effect of acute and chronic steroid administration on maximal sustained water diuresis * 


Inulin PAH 
Urine Urine Solute clearar clearance clearance Serum 
Subject Date Exp. vol. conc. excr. (CH20) (GFR) (RPF) osmol. 
cc/min mOsm / wOsm/ cc/min cc/min cc/min mOsm 
ke min kg 
Chronic administration (normal subjects) 
1 9/11/58 At 12.6 67 843 9.5 112 519 274 
9/18/58 Bt 18.4 69 1,266 13.9 110 520 280 
2 12/14/57 B 29.4 78 2,293 21.1 173 738 275 
12/26/57 A 23.2 51 1,256 18.7 167 762 276 
3 2/7/58 A 222 76 1,687 16.2 105 278 
2/21/58 B 22.4 48 850 19.2 100 275 
4 4/21/59 BS 20.5 65 1,334 15.7 155 596 277 
4/28/59 AS 19.3 77 1,488 13.9 137 560 276 
5/15/59 B 20.5 44 902 7.2 129 586 271 
5 11/21/58 A 1 Pe 56 739 10.6 90 279 
11/26/58 B 17.0 53 901 13.8 116 282 
6 1/12/59 A 19.1 76 1,451 14.0 180 645 285 
1/16/59 B 22.2 60 1,330 17.5 164 695 286 
7 2/10/59 A iD | 78 913 8.5 125 500 282 
2/15/59 B 14.1 74 1,043 10.4 131 642 286 
8 3/27/59 BS 23:4 1,586 134 579 290 
4/10/59 A 14.9 61 907 11.7 107 470 289 
9 3/13/59 A 14.8 90 1,328 10.2 100 557 290 
3/18/59 B 18.0 72 1,296 13.7 138 565 295 
10 8/1/59 B 19.1 41 783 16.4 150 816 291 
8/7/59 A 15.0 44 660 12.7 135 780 291 
11 7/7/59 A 13.2 86 1,133 9.8 134 818 285 
7/16/59 B 18.8 52 980 15:3 134 880 275 
7/25/59 B 18.6 41 763 16.0 137 838 288 
9/20/59 A 18.7 58 1,085 14.7 144 881 270 
12 7/17/59 B 18.0 61 1,098 14.0 138 799 272 
7/23/59 A 16.8 61 1,027 13.1 173 814 273 
Diabetes insipidus patients 
13 10/7/58 A 16.1 60 960 12.4 110 500 270 
10/12/58 B 24.5 42 1,029 21.0 120 580 287 
14 10/31/58 A 16.2 49 795 13.2 160 740 260 
11/5/58 B 30.8 70 2157 23.0 225 960 277 
Acute administration 
15 12/28/57 A 16.5 38 627 14.3 104 275 
12/28/57 B 18.2 50 910 14.8 100 280 
16 11/19/57 A 15.8 88 1,390 10.8 148 280 
11/19/57 B 16.8 88 1,478 11.5 153 280 
17 11/5/57 A TA 51 872 14.1 137 294 
11/5/57 B 17.5 54 945 14.3 142 295 
18 4/15/57 A 16.8 62 1,042 13,3 228 733 298 
4/15/57 B 15.6 61 952 12.3 206 660 292 


* All values represent the mean of two or three clearance periods at the height of the diuresis. 


+ A refers to control experiments (or periods in the acute studies) without steroid administration. 
t B refers to experiments (or periods) following acute or chronic steroid administration. 
§ These subjects received 6-methyl-prednisolone rather than cortisol. 


pared with those periods during the 4 hours of 
continuous steroid infusion. In no instance did 
an augmentation of the maximal diuresis occur 
(Subjects 15-18). In contrast, following chronic 
administration of the steroid, 12 of the 14 subjects 
demonstrated a significant enhancement of the 
water diuresis, as measured by all parameters 
(Subjects 1, 2, 5, 7-11, 13 and 14) or by free 


water clearance (Cy.0), and minimal osmolality 
(Subjects 3, 6, and 11-2'). The water diuresis 
in Subject 4 was not enhanced with 6-methyl- 
prednisolone, but it was with cortisol. In six sub- 
jects (Subjects 2, 5, 8-10 and 14), the increase 
in renal hemodynamics and/or solute excretion 


1 The “2” represents the second paired experiment done 
on this patient. 


real 
> 
i 
~ | 
t 


1474 


was of such a magnitude as to contribute signifi- 
cantly to the augmented diuresis. While it is 
unlikely that the magnitude of the augmentation of 
the water diuresis in Subject 1 can be explained 
by the 50 per cent increase in solute excretion, the 
contribution of the latter cannot be ignored. In the 
remaining experiments (Subjects 3, 6, 7, 11-1, 
11-2 and 13), the increment in free water clearance 
could not be explained by enhanced renal hemo- 
dynamics or solute excretion. The observations 
in Table I indicate that maximal water diuresis can 
be enhanced by the chronic administration of gluco- 
corticoids in subjects with clinical as well as 
physiological diabetes insipidus (maximal sus- 
tained water load). 


The effect of steroid administration on the acute 
and chronic release of ADH from the neuro- 
hypophysis following osmotic and nonosmotic 
stimuli (Table IIT and Figures 1 and 2) 


A. Osmotic stimuli. When 400 ml of 5 per cent 
hypertonic saline was infused into two subjects 
during a maximal sustained water diuresis, the 
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time of onset and the magnitude of the antidiuresis 
were not altered by chronic administration of 
cortisol (Subjects 19 and 20). The pattern of 
antidiuresis in a paired study is illustrated in 
Figure 1. 

A chronic osmotic stimulus to the release of 
ADH was produced in two subjects by 24 hours of 
total restriction of fluid intake and the ingestion 
of a liquid-free diet. Chronic steroid administra- 
tion did not lower the maximal urinary osmolality 
or the magnitude of the negative free water clear- 
ance (T“y.0) following this period of hydropenia 
(Subjects 21 and 22). 

B. Nonosmotic stimuli (Table IIT and Figures 
2 and 3). The results of this group of experi- 
ments were difficult to interpret because of the 
variability of response of the subjects to the 
nonosmotic stimuli. 

1. Inhalation of cigarette smoke during a max- 
imal water diuresis. Nicotine is a strong stimulus 
to the release of antidiuretic hormone (23) and 
inhalation of cigarette smoke is a relatively reliable 
substitute for the parenteral administration of 


TABLE II 


The effect of chronic adrenal steroid administration on the acute and chronic 


Subject 


Urine 
conc. 


Inulin PAH 
clearance clearance 
(GFR) (RPF) 


clearance 
(CH20) 


Solute 
excr. 


wOsm, cc/min cc/min cc/min 


min 


Hypertonic saline during a maximal water diuresis 


29.4 
15.0 


23.2 
12.0 


12/14/57 
12/14/57 


12/26/57 
12/26/57 


7/17/59 B 
7/17/59 


Bt Control 
Hypertonic 
saltt 
A§ Control 
Hypertonic 
salt 
Control 
Hypertonic 
saltt 
Control 
Hypertonic 
saltt 


7/24/59 
7/24/59 


736 
878 


762 
800 


799 
646 


78 173 
290 217 


51 167 
316 178 


61 138 
706 164 


61 3. 173 
593 168 


814 
754 


Maximal antidiuresis following 24 hours of dehydration 


21 9/26/58 0.6 
10/2/58 
22 1/13/57 


1/15/57 


0.6 
0.6 
0.5 


1,055 
1,065 


849 
875 


509 
525 
634 
532 


—1.3 
—1.3 
—15 
—1.3 


150 
143 
213 
212 


* All values represent the mean of two or three clearance periods at the height of the diuresis and the values from the 


period of maximal antidiuresis. 


+ B refers to experiments (or periods) following acute or chronic steroid administration. 


1 400 ml of 5 per cent saline. 


§ A refers to control experiments (or periods in the acute studies) without steroid administration. 
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Fic. 1. THE EFFECT OF CORTISOL ADMINISTRATION ON THE ANTIDIURETIC RESPONSE 
TO AN INFUSION OF 5 PER CENT SALINE DURING A MAXIMAL SUSTAINED WATER 
DIURESIS (SuBjEcT 20). The triangles refer to the osmolality of the urine. The 
figures in parentheses represent the maximal urinary osmolality. 


nicotine tartrate or the pure alkaloid (23).% At 
the height of the sustained water diuresis, there- 
fore, the subjects smoked and inhaled completely 
four cigarettes over a 10 to 20 minute period. The 
effect of smoking was subsequently observed for 
2.5 hours. In Subjects 23 and 24, smoking caused 
a pronounced antidiuresis and significant hyper- 
tonicity of the urine. The magnitude and pattern 
of the antidiuresis and the pattern of return to 
maximal flow of urine was not altered by chronic 
administration of steroid. This is illustrated in 
Figure 2 for Subject 24. The marked antidiuretic 
response to nicotine observed in Subject 25 was 
not reproduced after 4 days of steroid ingestion. 
This difference could not be explained by altered 


2 2 Although it was realized that the injection of nicotine 
would give the most consistent results, initial trials with 
parenteral administration produced such severe side re- 
actions that it was considered inadvisable to continue this 
mode of administration. 


renal hemodynamics or solute excretion. Nicotine 
inhalation without steroid administration caused 
only a moderate antidiuresis in Subject 26. This 
antidiuresis was due in part to a_ significant 
decrease in solute excretion, renal plasma flow 
(RPF), and glomerular filtration rate (GFR). 
When nicotine inhalation was repeated after 
chronic steroid administration, the antidiuresis was 
partially (6-methyl-prednisolone 4/21/59) or com- 
pletely (cortisol 5/15/59) blocked. However, 
renal hemodynamics and solute excretion changed 
very little in the experiments done under the in- 
fluence of the adrenal steroids. 

The moderate antidiuresis caused by cigarette 
smoking in Subject 27 was not altered by chronic 
steroid administration. 

2. Venous congestion of the lower extremities. 


Another nonosmotic stimulus to the release of 
ADH (24) was achieved by producing venous 
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Fic. 2. THE EFFECT OF CORTISOL ADMINISTRA- 
TION ON THE ANTIDIURETIC RESPONSE TO CIGA- 
RETTE SMOKING DURING A MAXIMAL SUSTAINED 
WATER pIURESIS. The figures in parentheses 
represent the urinary osmolality. 


obstruction of the lower extremities for 40 min- 
utes by placing sphygmomanometer cuffs high on 
both thighs. Venous congestion was initiated after 
a sustained maximal diuresis had been achieved. 


THIGH CUFFING 


The effects of congestion were observed for 2.5 to 
3 hours. The moderate antidiuresis induced by 
cuffing in Subjects 28 and 29 was unaffected by 
chronic steroid administration (Figure 3). Venous 
congestion in Subject 30 markedly inhibited the 
water diuresis, and it appeared that administration 
of steroid on 7/16/59 and 7/25/59 “blocked” the 
effect of cuffing. However, when the experiment 
was repeated without steroids (9/20/59), venous 
congestion did not cause a significant antidiuresis 
(Table III). The effect of venous congestion 
upon water diuresis was thus not clearly altered 
by chronic administration of glucocorticoid. 

Despite the variability in the release of ADH 
following these nonosmotic stimuli, the results do 
not suggest that the steroids significantly or reg- 
ularly altered the responses. 


The effect of steroid administration on the rate of 
inactivation of circulating ADH 


The pattern of development of a maximal water 
diuresis and its subsequent disappearance was fol- 
lowed in two subjects. The intravenous infusion 
of 2.5 per cent glucose was stopped after two or 


three periods of maximal flow were obtained. 
Both subjects showed a comparable pattern of re- 
sponse. This is illustrated in Figure 4 for one of 
the subjects. It is evident that chronic steroid 
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Fic. 3. THE EFFECT OF CORTISOL ADMINISTRATION ON THE ANTIDIURETIC 
RESPONSE TO VENOUS CONGESTION OF THE LOWER EXTREMITIES DURING A MAX- 
IMAL SUSTAINED WATER DIURESIS. The open circles and triangles represent 
the control study; the closed, the study with steroid administration. 
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TABLE III 


The effect of chronic adrenal steroid administration on the acute release of ADH 
following a nonesmotic stimulus * 


Venous congestion of lower extremities 


28 9/11/58 A Control 12.6 67 
9/11/58 Cuffing 4.6 123 

9/18/58 Control 18.4 69 
9/18/58 Cuffing 8.5 108 

29 8/1/59 B_ Control 19.1 41 
8/1/59 Cuffing 4.6 113 

8/7/59 A Control 15.0 44 

8/7/59 Cuffing 7.4 56 

30 7/7/59 A Control 13.2 86 
7/7/59 Cuffing 1.8 416 

7/16/59 B_ Control 18.8 52 

7/16/59 Cuffing 11.9 61 

7/25/59 B Control 18.6 41 

7/25/59 Cuffing 15.4 42 
9/20/59 A Control 18.7 58 

9/20/59 Cuffing 15.8 60 


water Inulin PAH 
Urine Urine Solute clearance clearance clearance Serum 
Subject Date Exp. vol. conc. excr. (CH) (GFR) (RPF) osmol. 
cc/min mOsm / pOsm/ cc/min cc/min cc/min mOsm, 
kg min kg 
Cigarette smoking 
23 3/27/59 Bt Control 4 Bi 75 1,586 15.7 134 579 290 
3/27/59 Nicotine 1.8 580 1,050 -—1.9 148 599 278 
4/10/59 At Control 14.9 61 907 19:7 107 470 289 
4/10/59 Nicotine 1.4 700 987 —2.1 108 481 279 
24 1/12/59 A Control 19.1 76 1,451 14.0 180 645 285 
1/12/59 Nicotine 2 796 946 —2.2 175 672 283 
1/16/59 B_ Control 22.2 60 1,330 17.5 164 695 286 
1/16/59 Nicotine £2 734 888 —1.8 158 603 289 
25 3/13/59 A Control 14.8 90 1,328 10.2 100 557 290 
3/13/59 Nicotine 1.3 589 760 —1.4 102 455 289 
3/18/59 B_ Control 18.0 72 1,296 i af 138 565 295 
3/18/59 Nicotine 8.1 122 988 4.7 138 407 287 
26 4/21/59 B§ Control 20.5 65 1,334 15.7 155 596 277 
4/21/59 Nicotine 9.6 101 975 6.1 141 507 275 
4/28/59 A Control 19.3 77 1,488 13.9 137 560 276 
4/28/59 Nicotine 4.2 156 645 1.9 116 445 274 
5/15/59 B_ Control 20.5 44 902 17.2 129 586 271 
5/15/59 Nicotine 19.6 47 921 16.3 126 531 273 
27 2/10/59 A Control 17 78 913 8.5 125 500 282 
2/10/59 Nicotine 6.9 142 970 3.4 122 320 282 
2/15/59 B_ Control 14.1 74 1,043 10.4 131 642 286 
2/15/59 Nicotine 6.8 168 1,142 2.8 136 658 284 


843 9.5 112 519 274 
563 2.5 100 400 279 
1,266 13.9 110 520 280 
927 5.4 137 770 296 
783 16.4 150 816 291 
523 29 123 653 296 
660 127 135 780 291 
414 6.0 130 690 291 
1,133 9.8 134 818 285 
761 —0.8 155 778 285 
980 15.3 134 880 275 
726 9.6 135 773 285 
763 16.0 137 838 288 
645 13.1 135 885 288 
1,085 14.7 144 881 270 
948 12.3 151 770 270 


* All values represent the mean of two or three clearance periods at the height of the diuresis and the values from the 


period of maximal antidiuresis. 


+ B refers to experiments (or periods) following acute or chronic steroid administration. ; 
t A refers to control experiments (or period in the acute studies) without steroid administration. 


administration did not alter the characteristics of 
the water diuresis curve. 

Two subjects received an infusion of the same 
lot of Pitressin (vasopressin, 200 mU per hour ) at 
the height of the water diuresis. When maximal 
antidiuresis was achieved, the infusion of vaso- 
pressin was stopped and the return toward a 
maximal diuresis was observed. Both subjects 
showed'a comparable response. This is illustrated 


§ This subject received 6-methyl-prednisolone rather than cortisol. 


for one subject in Figure 5. Chronic steroid ad- 
ministration did not alter the pattern of response 
to exogenous vasopressin. Similarly, the curve of 
urinary flow following release of endogenous 
ADH was not affected by the steroids (Figure 2). 
It is apparent from these experiments that the 
rate of “inactivation” of exogenous or endogenous 
ADH was not modified by prior ingestion of 
adrenocortical steroids. 
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ADMINISTRATION ON THE PATTERN OF 


DEVELOPMENT AND DISAPPEARANCE OF A MAXIMAL WATER DIURESIS. “D.C.” 


The effect of steroid administration on the renal 


responsiveness to endogenous or exogenous 
ADH 


If the glucocorticoids directly inhibited the ac- 
tion of antidiuretic hormone on the renal tubule, 
their administration should have caused a con- 
sistent reduction in the maximal antidiuretic re- 
sponse to endogenous or exogenous ADH. This 
was not observed in any of the experiments. How- 
ever, it must be stated that the experiments as 
performed do not indicate whether the minimal 
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Fic. 5. THE EFFECT OF CORTISOL ADMINISTRATION ON 
THE ANTIDIURETIC RESPONSE TO AN INTRAVENOUS INFU- 
SION OF VASOPRESSIN (200 MU PER HOUR). 


indicates the time when the sustained water infusion was discontinued. 


response is altered by steroid administration. 


DISCUSSION 


A physiological “antagonism” or interaction be- 
tween the glucocorticoids of the adrenal cortex and 
the neurohypophyseal system and its hormone 
(ADH) has frequently been proposed (15-22) ; 
namely, excessive amounts of adrenal steroids ap- 
pear to block the release of ADH from the neuro- 
hypophysis (16-18, 20), while deficiency of these 
cortical hormones enhances its release (19, 20, 
22), delays its inactivation (19, 21), or increases 
the renal tubular sensitivity to its action (20). 
The majority of these studies have been performed 
in normal or adrenalectomized rats (19-21) and 
for the most part have not been confirmed in 
humans with primary or secondary adrenal in- 
sufficiency (2, 5, 7, 10, 11, 13, 14). 

In the present study an attempt was made to 
demonstrate in normal subjects an interaction be- 
tween glucocorticoids and the metabolism of ADH 
at three levels. These were: 1) the release of 
ADH from the neurohypophysis; 2) the inactiva- 
tion of circulating ADH; and 3) its action on the 
renal tubule. As part of this study, it seemed 
essential to demonstrate whether adrenal steroids 
could alter maximal water diuresis in the absence 
of circulating ADH (physiological or clinical di- 
abetes insipidus). It was shown that this aug- 


dose of ADH necessary to produce an antidiuretic 
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mentation could occur without a change in renal 
hemodynamics or solute excretion, thus confirming 
the observations of Raisz, McNeely, Saxon and 
Rosenbaum (9) and those of Vesin (25). These 
results should be supplemented by those showing 
that adrenal steroids can markedly improve the 
impaired water diuresis in patients (7-12, 14) 
and in animals (26) with combined anterior and 
posterior pituitary insufficiency. One can then 
conclude that augmentation of water diuresis in 
the above circumstances certainly is not due to an 
alteration of the metabolism of ADH. 

Because of the variability in response to venous 
congestion and inhalation of cigarette smoke, these 
results were not as conclusive as the others. How- 
ever, they did not indicate a consistent effect of the 
glucocorticoids on the nonosmotic release of ADH. 
It is reasonable to conclude that chronic steroid 
administration to the normal subjects of the pres- 
ent study did not modify the secretion (release), 
“inactivation,” or action of antidiuretic hormone.* 


SUMMARY AND CONCLUSIONS 


1. The interrelationships of adrenal steroids and 
antidiuretic hormone (ADH) were evaluated in 
normal subjects. 

2. Chronic steroid administration significantly 
augmented the maximal water diuresis of normal 
subjects and patients with diabetes insipidus. Al- 
though this augmentation was frequently accom- 
panied by increased renal hemodynamics and/or 
solute excretion, it may occur without a significant 
change in these parameters. 

3. No evidence was obtained to indicate that the 
release, inactivation, or renal tubular action of 
ADH was affected by prior steroid administration, 

4. In normal human subjects, an antagonism 
between ADH and adrenal glucocorticoids could 
not be demonstrated. 


3 The results of the present study are somewhat at 
variance with those of Dingman, Thorn and Despointes 
(16-18). They stated that acute or chronic steroid 
administration raised the threshold of response of the 
neurohypophysis to the nonosmotic stimulus, nicotine, and 
that the correction of the impaired water metabolism in 
adrenal insufficiency and the augmentation of water diure- 
sis in the normal subject was due to an effect of adrenal 
steroids on the neurohypophyseal system. We are unable 
to evaluate their findings, since two of the reports ap- 
peared only in abstract form (16, 17) and one was a 
review article without original data (18). 
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LEUKOKINETIC STUDIES. II. 


A METHOD FOR LABELING 


GRANULOCYTES IN VITRO WITH RADIOACTIVE 
DIISOPROPYLFLUOROPHOSPHATE (DFP*)* 
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In a previous publication from this labora- 
tory (1), radioactive diisopropylfluorophosphate 
(DFP*), a potent and irreversible esterase in- 
hibitor, was shown to be a suitable label for 
granulocytes. Evidence was presented that the 
label is firmly attached to granulocytes; it does 
not modify the viability of the cells, and the label 
is not reutilized when the cells are degraded. 
Experiments designed to determine whether or not 
elution of the label occurs failed to provide such 
evidence. More recent studies (2), carried out 
with tritiated DFP and autoradiography, have con- 
firmed the observation that the label is attached 
to granulocytes and little, or not at all, to lympho- 
cytes or to monocytes. 

A method for labeling granulocytes in vivo with 
DFP* was described in the previous publication 
(1). The purpose of this paper is to describe a 
method for labeling granulocytes in vitro, and to 
describe the manner in which granulocytes so 
labeled leave the circulation of normal subjects. 
Several preliminary reports of this work have been 
published (3, 4). 


MATERIAL AND METHODS 


Subjects. A total of 82 volunteers from the Utah State 
Prison was used in these studies. All of the subjects 
were normal, healthy males, 20 to 50 years of age, with 
normal leukocyte values. Each subject was used only 
once in the study. Ali of the studies were started be- 
tween 8 and 10 a.m. 

Method of labeling granulocytes in vitro. Five hundred 
ml of blood was withdrawn from the subject into a 
sterile, plastic bag! containing 67.5 ml of ACD-A solu- 


* This investigation was supported in part by research 
grants (C-2231 and CY-2349) from the National Cancer 
Institute and in part by a graduate training grant (2A- 
5098) from the National Institute of Arthritis and Met- 
abolic Diseases, Bethesda, Md. 

+ Aided by a Postdoctoral Fellowship from the Amer- 
ican Cancer Society. 

1 Pliapak, Abbott Laboratories, North Chicago, IIl. 


tion.2, DFP® was added to the blood in the bag in a 
concentration of 0.3 wg per ml of whole blood and the 
contents were mixed gently. The blood was allowed to 
remain at room temperature for 1 hour with occasional 
gentle mixing. At the end of this time, a 20 ml sample 
of blood was obtained from the bag and the remainder of 
the blood was infused into the subject over a 10 to 15 
minute period. 

Samples of blood, 20 ml each, were withdrawn at 0, 3, 
6, 10, 24 and 30 hours after completion of the infusion. 
The methods for the isolation of the leukocytes from the 
blood samples and for determination of leukocyte radio- 
activity have been described previously (1). 

Calculations. The percentage of cells infused which 
could be demonstrated in the circulation immediately after 
the infusion was calculated in the following manner. The 
specific activity (counts per minute per milligram leuko- 
cyte nitrogen) of the leukocytes in the bag was deter- 
mined at the time of the infusion. From this determina- 
tion, the volume of blood injected, and the calculatéd 
blood volume (5, 6), the expected counts per minute of 
the leukocytes in the circulation immediately after com- 
pletion of the 15 minute infusion (to) were calculated : 
specific activity of cells in bag 

X volume of blood labeled 


blood volume 


expected specific activ- _ 
ity cells in blood at tp ~~ 
The specific activity of the cells in the blood immediately 
after the infusion (t») was determined by extrapolation of 
the exponential granulocyte disappearance curve to the 
ordinate. The percentage of infused cells which was 
present in the circulation at ts was then calculated as 
follows : 
determined specific activity of cells at to 


expected specific activity of cells at to nlite 

= percentage of infused cells present 

in the circulation at to. 

The time for half of the labeled granulocytes to leave 

the blood (T;) was determined by plotting the leukocyte 

radioactivities against time in hours on semilogarithmic 
paper. 

Radiation dosage to the subjects. When DFP® with a 

specific activity of 200 wc per mg was used, a total of 30 

uc of radioactivity was administered to each subject. The 


~2Each 100 ml contains 2.45 g of dextrose, 2.20 g of 
sodium citrate, and 0.73 g of citric acid. 
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Fig. 1. 


compound was presumably bound firmly to erythrocytes, 
leukocytes, platelets and plasma proteins and, therefore, 
30 we of isotope was distributed predominantly in about 
5 kg of blood with very little radioactivity reaching the 
bone marrow or other tissues. In three subjects, in whom 
the urinary excretion of radioactivity was studied, 40 per 
cent of the administered radioactivity appeared in the 
urine within the first 8 hours after infusion of the labeled 
blood. Thereafter, the biological half-life of the radio- 
phosphorus in the body was approximately 6 days. The 
effective half-life was calculated to be 4.4 days (7). 
With the nomogram of Bertinchamps and Cotzias (7), 
the infinite dose of radioactivity administered to blood 
was calculated to be about 860 millirads. This figure 
represents the maximum dose, since the above calculation 
of the biological half-life does not take into consideration 
the excretion of DFP* through routes other than the 
kidneys. 

Analysis of the DF P® preparations. DFP®*® was pur- 
chased from a commercial source * as a dilute solution in 
sterile, anhydrous propylene glycol. The amount of 
DFP* present in the solution was determined by the 
colorimetric method of Marsh and Neale (8) as modified 
by Wilcox and Neurath.4 

Nine different batches of DFP® were used in these 
studies. The determined DFP concentrations were found 
to range from 15 to 100 per cent of the concentration 
stated by the manufacturer. The specific activities of the 
batches, at the time the material was used, ranged from 
103 to 336 we per mg. 


RESULTS 


Rate of uptake of DFP* into leukocytes. To 
determine the period of incubation required to 
obtain optimal labeling of granulocytes, blood was 


3 Manning Research Laboratories, Waltham, Mass. 

4 We are indebted to Dr. Hans Neurath, University of 
Washington, Seattle, Wash., for supplying us with this 
method. 


drawn into a plastic bag and incubated for 1 hour 
at room temperature with 0.3 wg of DF P* per ml 
of whole blood. The uptake of DFP** into the 
leukocytes was maximal in about 45 minutes 
(Figure 1). 

The following experiment was performed to 
determine whether or not any DF P*, which would 
be capable of labeling the leukocytes of the re- 
cipient, remained in the plasma after a 1 hour 
incubation period. From each of three subjects, 
500 ml of blood was withdrawn. The blood was 
incubated at room temperature for 1 hour with 0.3 
pg of DFP* per ml. At the end of this time, the 
blood was centrifuged to remove all cells and the 
cell-free plasma was infused into the donors. No 
radioactivity could be demonstrated subsequently 
in either the leukocytes or the erythrocytes of the 
subjects. 

Disappearance of labeled granulocytes from the 
circulation. The disappearance of labeled granulo- 
cytes from the blood was measured in 45 normal 
subjects. The labeled leukocytes left the circula- 
tion in an exponential fashion in all subjects. The 
leukocyte radioactivity disappearance curves ob- 
tained in four representative subjects are shown in 
Figure 2. 
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TABLE I 
Influence of DFP® concentration * 


TABLE II 


Influence of incubation temperature * 


Percentage of 
infused cells 
present at to 


Concen- No. of 


tration subjects Mean Range 


Percentage of 
infused cells 
present at to 
No. of 
subjects Mean 


Temper- 


ature Range 


% 
27-39 
26-68 
27-62 
14-33 
29-57 


*Five hundred ml of blood was incubated in a plastic 
bag with ACD-A for 60 minutes at room temperature with 
the concentrations of DF P® given above. 


The mean T, (+ one standard deviation) in the 
circulation was 6.6 + 1.4 hours in the group of 45 
normal male subjects, with a range of from 4.0 
to 9.0 hours. 

The percentage of infused cells which could be 
demonstrated in the circulation immediately after 
the infusion (to) averaged 49, with a range of 
from 27 to 62. 

Influence of various factors on the disappearance 
rate of labeled granulocytes. The procedure was 
varied with respect to concentration of DFP*, 
temperature of incubation, volume of blood labeled, 
type of anticoagulant and container used, and the 
time of incubation. The influence of these pro- 
cedural changes on the T, and on the percentage 
of infused cells which could be demonstrated in the 
circulation immediately after the infusion (to) was 
studied. 

Varying the concentration of the DFP** between 
0.1 and 1.0 wg per ml had no influence on either 
the percentage of infused cells present in the cir- 
culation at tp or the T, (Table 1). Incubating the 
blood at 1°, 20° and 37° C had no significant in- 
fluence on these measurements (Table II). Like- 
wise, labeling 100 or 250 ml of blood rather than 
500 ml had no influence on the percentage of in- 
fused cells present at to or on the T, (Table III). 
In single trials the use of heparin or sequestrene as 
an anticoagulant in place of ACD-A or the substi- 
tution of a siliconized glass container for the 
plastic container had no influence on these meas- 
urements. 

Modifying the time of incubation from 15 min- 
utes to 24 hours influenced significantly the per- 
centage of infused cells present in the circulation 
at to (Table IV). The proportion of the infused 


% 
38-68 6. 
27-62 
31-54 . 4. 


20°C 


*Five hundred ml of blood was incubated in a plastic 
bag with ACD-A containing 0.3 ug of DF P® per ml for 60 
minutes at the temperatures given above. 


cells present in the circulation at to decreased ex- 
ponentially as the incubation period was prolonged 
(Figure 3). When blood was stored for more 
than 8 hours, less than 12 per cent of the infused 
cells was present in the circulation at ty and a dis- 
appearance curve could not be obtained. 

No correlation was observed (correlation coeffi- 
cient, — 0.03) between the percentage of infused 
cells present in the circulation at to and the T. 

Transfusion of blood from normal subjects into 
normal recipients. Five hundred ml of blood was 
withdrawn from each of ten normal subjects. The 
blood was incubated for 60 minutes at room tem- 
perature with 0.3 wg of DFP** per ml and then 
transfused into a normal recipient other than the 
donor. All subjects were cross-matched for the 
major blood group and Rh type. None of the 
subjects had ever received a blood transfusion 
prior to the experiment. 

In seven of the subjects the granulocytes dis- 
appeared in an exponential fashion. The T, values 
in this group (5.4 to 9 hours) were within normal 
limits for autogenous infusions. In one subject 
the experimental values were widely scattered, 
presumably due to technical errors, and a line 


TABLE III 
Influence of the volume ines blood labeled * 


Percentage of 
infused cells 
Volume present at to T 
of blood No. of 
labeled subjects Mean 


ml % A hrs 
100 1 49 
250 3 43 
500 3 42 


Range Mean Range 


5.0-7.0 
6.0-9.0 


* The volumes of blood given above were incubated in a 
plastic bag with ACD-A for 60 minutes at room tempera- 
ture with 0.2 ug of DF P® per ml of blood. 
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pe/ml % hrs hrs % hrs 
7.0  6.0-8.0 4 57 0-8.7 
7.5  6.0-9.0 8 49 5-8.0 
6.9  5.5-8.0 3 44 4-6.1 Je 
age 
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TABLE IV 
Influence of incubation time * 


Percentage of 

infused cells 

Time of present at to 
incuba- No. of — 
tion subjects Mean Range 


Mean 


hrs 
26-81 
14-72 
19-52 
12-48 
5-21 
5- 9 


* Five hundred ml of blood was incubated at room temp- 
erature in a plastic bag with ACD-A containing 0.3 ug of 
DF P® per ml of blood, with the exceptions noted. 

t This group includes studies done with concentrations 
of DFP® from 0.1 to 1.0 ug per ml. 

t Incubated for 1 hour at room temperature and at 5° C 
for the remainder of the incubation period. 


could not be drawn through the points. In two of 
the subjects the granulocytes disappeared from the 
circulation in an exponential fashion but at an 
accelerated rate (T, = 2.5 and 1.2 hours). 

A transfusion of blood from a normal subject 
was given to a patient with hemophilia. This pa- 
tient had received approximately 100 previous 
transfusions of plasma or whole blood. The T, 
of the labeled cells in the circulation of the patient 
was 0.8 hour, in contrast to the normal mean of 6.6 
hours. Twenty-two per cent of the transfused cells 
was present in the circulation of the patient at to. 


DISCUSSION 


This study was undertaken to determine the 
manner and rate of removal of normal granulocytes 
irom the circulation of normal subjects. The tech- 
nic described for labeling granulocytes in vitro has 
the advantage that only granulocytes circulating in 
the blood are labeled and, therefore, interpretation 
of the disappearance curves is more simple than 
interpretation of curves obtained following the 
intravenous administration of DFP** (1). 

Interpretation. With the method outlined, only 
about 50 per cent of the infused cells was present 
in the circulation at the completion of the infusion. 
Those cells which were not removed immediately 
disappeared from the circulation in an exponential 
fashion with a mean T, of 6.6 hours. Thus, from 
a kinetic point of view, the labeled granulocytes 
appeared to behave as two distinct cell populations. 
Several explanations for this phenomenon may be 
offered. 


The immediate disappearance from the circula- 
tion of about 50 per cent of the labeled cells could 
be due to rapid elution of the label, rapid removal 
of leukocytes damaged by the labeling procedure, 
or to distribution of the infused granulocytes in a 
larger pool of cells than that calculated from the 
blood volume and the granulocyte count. 

As the result of studies previously reported (1) 
the possibility of elution seems remote but cannot 
be entirely excluded. However, if the label eluted 
in vivo, it might be expected that the percentage of 
labeled cells present at to would decrease as the 
concentration of DF P** was increased. Such was 
not found to be the case (Table I). 

The possibility of damage to the cells during the 
labeling procedure deserves serious consideration 
since granulocytes removed from the body are 
highly susceptible to damage and it has been shown 
that damaged granulocytes are removed by the 
lungs, possibly the first time they pass through the 
circulation (9-13). In the studies reported here, 
a greater proportion of the infused granulocytes 
was missing from the circulation when blood was 
stored for 8 to 24 hours and then infused than 
when blood was incubated for an hour or less 
(Table IV and Figure 3) and infused. It appears, 
however, that rapid removal of labeled cells which 
have been damaged as a function of the time of 
incubation is not the sole reason for the immediate 
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disappearance of about half of the labeled granulo- 
cytes. Extrapolation of the exponential curve 
(Figure 3) to the ordinate, i.e., zero incubation 
time and therefore presumably zero damage, sug- 
gests that 54 per cent (100-46) of the infused cells 
was removed rapidly for a reason unrelated to the 
time of incubation. 

The most plausible explanation for this rapid 
removal is that the labeled granulocytes are dis- 
tributed in a pool of granulocytes larger than that 
calculated from the blood volume and the granulo- 
cyte count. Evidence in support of this concept 
will be presented in the next paper (14). 

The exponential disappearance of labeled gran- 
ulocytes from the circulation with a mean T, of 
6.6 hours indicates that granulocytes leave the 
blood ina random fashion. That is, unlike erythro- 
cytes, the disappearance of granulocytes from blood 
is unrelated to the time of entry of the cells into 
the circulation, and, by chance, a particular gran- 
ulocyte may remain in the circulation only a few 
seconds or for an indefinitely long time. In this 
regard it is important that a correlation was not 
observed between the percentage of infused cells 
in the circulation at to and the granulocyte dis- 
appearance rate (T,). This suggests that the T, 
is representative of the disappearance rate of the 
entire labeled population of cells, rather than that 
of a selected population as, for example, the 
youngest cells. The validity of the T, is further 
substantiated by the observation (3) that granulo- 
cytes labeled in vivo, without any handling, also 
disappeared from the circulation in a random fash- 
ion and at the same rate as do cells labeled in vitro 
and then returned to the circulation. The mean 
T, of the cells labeled in vivo in 30 normal subjects 
was 6.4 hours; the mean T, for the cells labeled 
in vitro in the 45 normal subjects in this study was 
6.6 hours. The difference between these mean 
values is not significant. 

Application of the method, It is anticipated that 
this method will be useful in studying the gran- 
ulocyte disappearance rate in leukemia and in 
other conditions. By the use of homologous trans- 
fusions in normal subjects, as illustrated by the 
ten preliminary studies reported herein, a reduc- 
tion of the T, value may prove to be a highly 
sensitive method for detecting leukocyte incom- 
patibilities and granulocyte blood groups. By a 
combination of autogenous infusion, transfusion of 
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the patient’s blood into a normal subject, and the 
transfusion of normal blood into the patient, it may 
become possible to differentiate granulocytopenias 
which are attributable to intracellular defects from 
those which may be produced by extracellular 
causes. 

This method may also prove useful in the study 
of the preservation of granulocytes. Our studies 
clearly indicate that the longer granulocytes are 
stored, the more susceptible they become to imme- 
diate removal from the circulation. Ninety-one to 
95 per cent of the granulocytes stored for 24 hours 
was removed immediately. Whether this is due to 
damage to the cells by the anticoagulant, by ex- 
posure to a foreign surface, by the depletion in the 
mixture of an essential nutrient, or by the accumu- 
lation in the stored blood of a product of cellular 
metabolism, is subject to experimental investi- 
gation. 


SUMMARY 


1. A method has been described for labeling 
granulocytes in vitro with radioactive diisopropyl- 
fluorophosphate (DFP**). Briefly, the method is 
as follows: 500 ml of blood is withdrawn into a 
plastic bag containing acid citrate dextrose solution 
and incubated at room temperature for 1 hour with 
0.3 pg of DFP* per ml of blood. The blood con- 
taining the labeled granulocytes, erythrocytes and 
platelets is infused into the donor. At appropriate 
time intervals, 20-ml samples of blood are with- 
drawn. The leukocytes are separated free of ery- 
throcytes and platelets and the leukocyte radio- 
activity is determined. 

2. Fifty-four per cent of the labeled granulo- 
cytes disappeared from the circulation during the 
infusion. The remainder of the granulocytes was 
removed from the circulation in an exponential 
fashion; the mean half-time in the circulation was 
6.6 + 1.4 hours in 45 normal male subjects. 

3. The proportion of labeled cells infused which 
was present in the circulation at the end of the 
infusion was not influenced by the temperature of 
incubation, the concentration of DF P**, the volume 
of blood labeled, or the type of anticoagulant or 
container used, within the limits of the experi- 


ments performed. The proportion was influenced, 
however, by the time of incubation; the longer the 
blood was incubated, the smaller was the propor- 
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tion of infused cells in the circulation immediately 
on completion of the infusion. 

4. The time for the disappearance of one-half of 
the labeled granulocytes was not influenced by the 
proportion of infused cells which was demonstrable 
in the circulation at the end of the infusion, or by 
the time or temperature of incubation, the concen- 
tration of DFP**, the volume of blood labeled, or 
the type of anticoagulant or container used. 

5. Ten normal male subjects were transfused 
with labeled blood from other normal subjects. 
In seven of the subjects, the granulocytes were 
removed at the normal rate. In two of the sub- 
jects, the granulocytes disappeared at an accel- 
erated rate. In one subject, the experimental 


values were widely scattered and a line could not 
be drawn through the points. 

6. The validity, limitations, interpretations and 
applications of this technic are discussed. 
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In the absence of sufficiently sensitive methods 
for the chemical determination of insulin, attempts 
to measure insulin in biological fluids have been 
almost entirely limited to bioassay procedures and, 
more recently, to immunological techniques. The 
bioassay procedures used have been based on the 
hypoglycemic effect of insulin in animals whose 
sensitivity was increased by endocrine manipula- 
tion (1-3) or on the effects of insulin on isolated 
tissue, in particular the mammary gland of lactat- 
ing rats (4), and the diaphragm of rats (5-8) or 
mice (9). The largest body of information cur- 
rently available concerns procedures based upon 
the effect of insulin on glucose uptake by rat 
diaphragm muscle (10). 

The observation that isolated adipose tissue not 
only responds directly to insulin (11-13), but does 
so at very low insulin concentrations (14, 15), has 
indicated the possible usefulness of this tissue for 
the measurement of small quantities of insulin 
(15). It is the purpose of this and the following 
paper to present the information which has been 
accumulated in this laboratory over the past three 
years, during an attempt to elaborate and evaluate 
a suitable procedure, which might in time become 
applicable to tissue extracts or to biological fluids 
such as serum. Whenever applied to materials 
other than solutions of pure insulin, the term 
“insulin-like activity” (ILA) will be used in pref- 
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erence to the terms “insulin,” “insulin-activity,” 
or “effective insulin activity.” 

Being well aware of the many questions which 
are properly raised when a sensitive bioassay pro- 
cedure is introduced and its application to complex 
solutions such as serum is suggested, the authors 
would like to separate the procedure itself from 
the question of its applicability to serum. This 
first paper will report the studies designed to select 
a procedure suitable for detecting small amounts of 
pure insulin. The second paper will present an 
analysis of the routine performance of the proce- 
dure when applied to solutions of pure insulin and 
to more complex solutions, using selected serum 
samples as specific examples. 


‘ 


METHODS 


Selection of a suitable metabolic index 

It is now established that, in the presence of insulin, 
adipose tissue incubated in vitro utilizes more glucose 
(11), incorporates more glucose into glycogen (16), 
oxidizes more glucose carbon to COz (13, 16, 17), and 
incorporates more glucose carbon into fatty acids (13, 
17) and glycerol (16). Furthermore, since insulin mark- 
edly increases overall COz production (18) while affect- 
ing oxygen consumption only to a small degree (12, 18), 
the presence of insulin increases net gas production by 
this tissue. Any of these metabolic effects of insulin 
could be used as indices of ILA in a bioassay procedure. 
In this laboratory, some experience has been gained with 
the use of increased glucose uptake as an index for ILA 
(15), and Beigelman (19, 20), as well as Humbel (21), 
has published data concerned with the evaluation of a 
measurement based on glucose uptake. This measure- 
ment requires meticulous care in the handling of glucose 
estimations, since it frequently represents a small differ- 
ence between two independent glucose measurements, each 
with its inevitable error. Ball, Martin and Cooper (18) 
have suggested that the use of net gas production by 
adipose tissue for the measurement of ILA would allow 
for the metabolic characterization of each tissue before 
the addition of insulin standards or unknown solutions, as 


2 
| 
a 


RENOLD, MARTIN, DAGENAIS, STEINKE, NICKERSON AND SHEPS 


Fic. 1. JNCUBATION FLASK USED IN THESE STUDIES. 


well as for its final characterization regarding its max- 
imal responsiveness to insulin. 

Among the other indices mentioned, CO: production 
from glucose carbon and incorporation of glucose carbon 
into fatty acids show the most favorable dose response 
relationships, i.e., the steepest dose response curves asso- 
ciated with similar precision (22). Of the two, COs 
production from glucose labeled with C™ is more con- 
venient as a measurement, since the procedures involved 
require less time and since less radioactivity is required 
because dilution of the labeled glucose in the large pool of 
adipose tissue lipids is avoided. Accordingly, the index 
which has been selected for the experiments reported here 
has been that of the formation of C%O. from glucose 
labeled with C. Glucose-1-C™ has been used in prefer- 
ence to uniformly labeled glucose, since the oxidation of 
this carbon is particularly affected by insulin (17, 23) and 
since, as will be discussed below, the oxidation of this 
carbon is less affected by other metabolic agents such as 
epinephrine (24) or growth hormone (25). 


Description of the procedure used 


Animals and tissues. The animals used were male 
albino rats of the Wistar strain (Harvard Biological 
Laboratories and Albino Farms) fed ad libitum on 
Purina laboratory chow, weighing between 200 and 260 g. 
They were kept in individual cages for 2 to 5 days prior 
to use between 8 and 9 am. The tissue used was 
epididymal adipose tissue. 

Incubation flasks. The flasks used for incubation were 
ordinary glass bottles with a total capacity of 35 ml. 
They were stoppered with sleeve-type rubber stoppers, 
the inner sleeves having a diameter of 25 mm. Small 
plastic cups (1 cm diameter and 1 cm high) were sus- 
pended from the inner sleeve with Chromel wires, to per- 
mit their easy removal and replacement (see Figure 1). 

Incubation medium. The buffer solution used for in- 


cubation of the tissues was a modified Krebs bicarbonate 
buffer containing: Na, 146; K, 5; Ca, 2; Mg, 1; Cl, 114; 
and HCOs, 40 mEq per L. The buffer was equilibrated 
with 95 per cent Os, 5 per cent COs bubbled for 10 min- 
utes through the solution, and incubated in the presence 
of a 95 per cent Os, 5 per cent COs atmosphere. Under 
these conditions the pH was approximately 7.4. In addi- 
tion, gelatin (USP, obtained from J. T. Baker Chemicals 
Corporation, Phillisburg, N. J.), 200 mg per 100 ml 
(approximate), was routinely added and was easily dis- 
solved by bringing the buffer solution to 38° C. Glucose 
concentration (using glucose obtained from the National 
Bureau of Standards) was brought to 250 mg per 100 ml 
by the addition of dry glucose; 1.9 ml of buffer thus 
contained 4.75 mg of glucose. 

Preparation of solution containing glucose-1-C“. For 
each batch of tracer glucose, 200 we of glucose-1-C™ 
(obtained from New England Nuclear Corporation and 
chromatographically pure) was dissolved in 50 ml dis- 
tilled water. Nonradioactive glucose was added to bring 
the final glucose concentration of this solution to 1,250 mg 
per 100 ml; 0.1 ml of the solution thus contained 0.4 uc 
and 1.25 mg of glucose. 

Preparation of insulin standards. A single batch of 
insulin has been used throughout these investigations 
(Crystalline insulin, five times recrystallized, treated with 
trypsin, batch no. 466368, containing 26.6 U per mg). 
This preparation was made available to us through the 
courtesy of Dr. W. R. Kirtley of the Lilly Research 
Laboratories. Once monthly, a concentrated insulin 
standard was prepared from this crystalline material by 
dissolving 10 mg in 10 ml of distilled water, a few drops 
of 1.0 N hydrochloric acid being added until the solution 
was clear. This concentrated standard thus contained 
26.6 U per ml. It was stored at 4° C. Once weekly, 1 ml 
of the concentrated standard was brought to 26.6 ml with 
distilled water, a solution thus containing 1 U per ml. 
This working standard was again stored at 4° C. 

Each day, 1 ml of the working standard was diluted to 
100 ml by the addition of buffer containing glucose and 
gelatin as described above. Two ml of this solution was 
diluted to 10 ml with buffer containing glucose and 
gelatin. From this last solution serial dilutions were 
prepared using 10 ml of insulin-containing solution and 
10 ml of buffer containing glucose and gelatin, resulting 
in solutions with 1,000, 500, 250, 125, 62, and 31 wU per 
ml. During these dilution procedures, buffer containing 
glucose and gelatin was always poured first into any 
glassware used for the preparation of insulin standards, 
in order to moisten and coat the walls of the containers 
with the gelatin-containing buffer, so as to prevent loss 
of insulin upon glassware. 

Assay technique: Principle. Rat adipose tissue is 
incubated in bicarbonate buffer with glucose-1-C™ for 2 
hours. At the end of the incubation, the total CO. 
present in the system is liberated by the addition of acid 
to the medium and is trapped in a small amount of 
NaOH. The sodium carbonate so obtained is transferred 
to a planchet, dried, and its radioactivity determined. 
The total radioactivity of the COs is expected to be di- 
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rectly proportional to the amount of the first carbon of 
glucose oxidized to COs, and, as will be shown below, is 
further related to the amount of insulin present in the 
system. 

Assay technique: Procedure. For each assay 18 flasks 
are used and into each was pipetted 1.9 ml of unknown 
solution? or of standard insulin solution in buffer con- 
taining glucose and gelatin as described above. F xactly 
0.1 ml of the glucose-1-C* solution was then added to 
each flask, which thus contained 2 ml of medium, 6 mg 
glucose (i.e., 300 mg per 100 ml) and 0.4 wc C“. The 
flasks were weighed to the nearest milligram and kept 
stoppered to prevent evaporation. 

After the flasks had been prepared and weighed, three 
rats were successively killed by a blow to the head, de- 
capitation and exsanguination. The abdomen was widely 
opened and the testes were displaced by gentle pressure 
from the scrotum into the abdominal cavity. Each testis 
in turn was lifted with forceps and the adipose tissue 
hanging from the epididymis was cut free (single cut) 
just distal to the epididymal vessels, where the base of 
the epididymal fat is somewhat narrower. Without chill- 
ing, and with a minimum of handling, each pad was then 
taken up at its base and further cut into three equal 
segments.2. As it was cut, each segment was dropped into 
its appropriate preweighed flask which had been kept 
stoppered. The segments were so distributed as to lead 
to the “balanced segment design” described below. The 
flasks were then rapidly reweighed to obtain the tissue 
weight. After gassing for 5 minutes with 95 per cent 
Os, 5 per cent COs, using no. 21 hypodermic needles in- 
serted through the rubber stoppers, the needles were 
withdrawn and the system was left airtight. The flasks 
were then incubated in a Dubnoff metabolic shaking 
incubator for 2 hours at 37° C, using 72 shaking cycles 
per minute (c/min). 

After incubation, 0.1 ml of 1.8 N NaOH freshly diluted 
with COs-free water from saturated NaOH was injected 
into the suspended plastic cup and 0.2 ml of 10 N H2SO, 
was added to the medium in each flask. Graduated tuber- 
culin-type syringes fitted with no. 21 hypodermic needles 
were used for this procedure. The flasks were well mixed 
and agitated at 36 c/min for at least 60 minutes. The 
contents of each plastic cup were then transferred to a 
preweighed stainless steel planchet using two washes with 
2 drops each of CO.-free water. To insure even drying 
each planchet also contained a disc of lens paper weighing 
approximately 1 mg. For this transfer, the plastic cups 
are best handled with rubber-covered curved forceps. 

The planchets were then dried on a hot plate, with care 
to avoid boiling and splattering of the planchet contents. 

1For example, serum, glucose content having been 
brought to 250 mg per 100 ml by the addition of dry 
glucose. 

2 The segment closest to the base (i.e., closest to the 
epididymis) is termed the “proximal” segment, followed 
by the “medial” and the “distal” segments. The proximal 
segment did not include the portion which had been 
handled with forceps. 
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After the contents appeared dry (approximately 0.5 
hour), drying was continued for 1.5 hours at a somewhat 
higher setting of the plate. The planchets were cooled in 
a desiccator and reweighed. The radioactivity was esti- 
mated in a proportional flow counter. The counts ranged 
from several hundreds to several thousands per minute 
per planchet. The results are expressed as counts per 
minute per total COs produced per milligram of adipose 
tissue, self-absorption corrections being applied according 
to Karnovsky and associates (26). 


RESULTS 
Evaluation of measurements and conditions 


Adequacy of CO, collection. In the experi- 
ments shown in Table I, a measured amount of 
NaHC"O, was added to 2 ml of either buffer or 
serum, C™O, collection then being carried out as 
described above. Intervals of 30, 60 and 180 min- 
utes were allowed to elapse between the addition 
of acid to the buffer or serum, and the transfer of 
the alkali from cups to planchets. Furthermore, 
two normalities were used for the 0.1 ml NaOH 
contained in the cup: 1.8 and 0.9 normal. The- 
oretically, the normality required to neutralize the 
carbonic acid formed would be between 0.6 and 0.8 
for the 0.1 ml volume used. The results obtained 
indicate that the recovery of CO, was maximal 
from 30 minutes on, although this was true only 
when the NaOH added to the cup was 1.8 N, and 
that comparable recoveries were obtained from 
buffer and from serum. It is necessary to stress 
the need for heating the CO,-containing alkali on 
the planchets, a need probably explainable on the 
basis of the hygroscopy of the excess NaOH. 
Furthermore, complete drying on the hot plate 


TABLE I 


Recovery as C4O2 of NaHCO; added 
to buffer or serum 


NaOH 
tion (normal- on 


Collec- Weight 


Total 


Medium period ity) planchets cpm* 


859 
841 


813 
870 


855 
810 


Buffer 
Serum 


Buffer 
Serum 
Buffer 
Serum 


Buffer 
Serum 


— 


606 
614 


G00 G00 Goo 


* Each figure represents the mean of two experiments. 


ae 
min mg 
ms 1 
30 11.4 
60 11.1 
60 11.5 
180 | 11.5 
180 11.6 
2 
180 5.8 
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Body Weight 
230-24 gm. 


Body Weight 
280-290gm. 


Ours wn — 


0.4 


i 
0.5 
NITROGEN 


(mg.) 


Fic. 2. RELATION OF WET WEIGHT OF ADIPOSE TISSUE SEGMENTS TO THEIR NITROGEN CONTENT. 


insures even weights and decreases the importance 
of accepting the validity of the correction factor 


used to correct for self-absorption in calculating 
the radioactivity contained in the sample. 


Reference measurement. Reference measure- 
ments which might be considered in this tissue are 
primarily wet weight, dry fat-free weight, or nitro- 
gen. Dry fat-free weight of fragments of tissue of 
the size used averaged between 1 and 2 mg, a 
range inconvenient for accurate measurement. Wet 
weight and total nitrogen content have been com- 
pared in a large series of experiments of which six 
are shown in Figure 2. Although the ratio of 
nitrogen to wet weight varies from animal to an- 
imal, it is apparent from the figure that it remains 
relatively constant within tissues obtained from a 
single animal. It would seem, therefore, that wet 
weight of adipose tissue permits reasonable quanti- 
tation of the active tissue components contained in 
each fragment. 

Duration of the incubation. Winegrad and 
Renold (13) have shown that rat adipose tissue 
incubated either with or without insulin for pe- 
riods varying from 15 minutes to 6 hours metab- 
olizes glucose to CO, at approximately the same 
rate for the first 3 hours with some decrease after 
that time. Using net gas formation in the presence 
of glucose, Ball and co-workers (18) reported 


constant activity of the tissue up to 6 hours. 
Piazza, Goodner and Freinkel (27) have recently 
reported that adipose tissue releases trichloroacetic 
acid-soluble I*** when incubated with insulin la- 
beled with I'*', although to a lesser extent than is 
true for diaphragm. Whereas the activity studies 
just mentioned do not suggest a significant de- 
struction of insulin-like activity for periods of 
incubation up to 3 hours, it is evident that this 
possibility must be considered in each instance. 
Ionic environment. Zahnd, Dagenais and 
Renold * have studied in detail the ionic require- 
ments both for baseline activity of rat adipose 
tissue and for the insulin response, and found that 
the baseline activity of the tissue is quite markedly 
affected by variations in both the cationic and the 
anionic environment. Lack of potassium, mag- 
nesium and calcium resulted in increased baseline 
activity, while the level of activity reached in the 
presence of insulin was somewhat depressed. As a 
result, the insulin effect was considerably smaller. 
Baseline activity, insulin-stimulated activity, and 
insulin effect all were much smaller when phos- 
phate was substituted for bicarbonate. No varia- 
tion in the ionic environment has yet been found 
which leads to an increased insulin effect, and use 


3 Unpublished observations. 
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of the Krebs bicarbonate buffer which we have 
adopted appears, for the present, optimal. Hagen, 
Ball and Cooper (28), using net gas production as 
an index of tissue activity, came to similar con- 
clusions. 

Concentration of glucose. Jeanrenaud and 
Renold (22) have studied in some detail the inter- 
relations of the effects of glucose concentration and 
insulin concentration upon rat adipose tissue. For 
any given dose of insulin a greater response was 
obtained when the concentration of glucose was 
greater, the response being roughly proportional to 
the logarithm of the glucose concentration. Ac- 
cordingly, the relatively high glucose concentration 
of 300 mg per 100 ml has been selected for the 
procedure reported here. The primary point is 
to keep glucose concentration constant in any in- 
dividual assay. Whenever a sample with a glucose 
concentration higher than 300 mg per 100 ml was 
assayed, the glucose concentration for both the 
standards and all unknowns was similarly in- 
creased, 

The addition of gelatin. The routine addition of 
gelatin to all solutions used in these studies has 
been prompted by the need to avoid loss of insulin 
on glassware, a loss which has been well docu- 
mented at extremely low concentrations (29, 30), 
and which we have confirmed. 

Weight of animals. Ball and associates (18) 
have demonstrated a rather striking relationship 
between the weight of animals and the net gas 
formation by their adipose tissue. As marked a 
relationship has not been observed when C**O, 
production from glucose-1-C’* was the metabolic 
index. It seemed, however, that tissues were more 
frequently below average activity when animal 
weights of 260 g were exceeded, and greater than 
usual fluctuations in activity were observed in 
animals weighing less than 200 g. Furthermore, 
when animals weighing less than 220 g were used, 
it was frequently impossible to obtain sufficient 
tissue to remain within the optimal weight range 
for each fragment. Accordingly, for the animals 
of the particular strain used, a weight range of 220 
to 260 g is suggested. It is conceivable that limi- 
tation to a smaller weight range would be advan- 
tageous, although this causes practical difficulties. 

Weight of tissue fragments, When the activity 
was expressed in counts per minute per milligram 
of tissue, analysis of well over 600 individual ob- 
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servations indicated that the variation of activity 
of segments weighing between 70 and 170 mg was 
similar and did not show a trend relating it to 
segment weight. Below 70 mg, activity expressed 
per milligram of tissue tended to be higher, and 
above 170 mg, it tended to be lower than between 
these two values. Accordingly, it is suggested that 
tissue fragments be kept within this general weight 
range. 

Differences between segments and adequacy of 
routine procedures such as pipetting. The basic 
experimental unit used in all assays is a segment 
(approximately one-third) of each epididymal fat 
pad. To determine whether systematic differences 
exist between the responses observed in the dif- 
ferent parts of each fat pad, ie., in the distal, 
medial and proximal segments (see Footnote 2), 
an experiment was performed using 12 rats, three 
on each of four successive days. On the first and 
third days, all the segments from one fat pad of 
each rat were incubated with buffer only and those 
from the other pad with 62 »U per ml of standard 
insulin. On the intervening days, the treatments 
were buffer and 1000 »U per ml of insulin. The 
differences between the geometric means of the 
counts per minute per milligram were evaluated by 
an analysis of variance (31) of the log counts per 
minute. On three days out of the four, differ- 
ences between individual rats were significantly 
(p < 0.001) greater than the residual error term. 


TABLE II 
Response of epididymal fat pads of 


rats by segment * 


Geometric mean 


ment Insulin Distal Medial Proximal 
day dose segment segment segment 

aU cpm/meg cpm/mg cpm/mg 
1 0 5.6 6.8 5.8 
e 0 6.9 6.0 5.4 
Mean 6.2 6.4 5.6 
1 62 15.6 12.8 8.9 
J 62 16.6 13.4 12.6 
Mean 16.1 13.1 10.6 
2 . 0 4.5 5.9 4.4 
4 0 4.3 5.1 4.7 
Mean 4.4 55 4.6 
2 1,000 16.7 18.5 16.0 
4 1,000 26.8 26.6 24.3 
_ Mean 21.2 19.7 


| 


* Each value is derived from the corresponding segments 
from three rats. 
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TABLE III 


Experiment to compare adipose tissue segments, preparation of insulin 


Distal segment 
Insulin (62 wU) A B 


Experiment 


dayt 
Pipetting 1 
1 12.4 10.3 
2 9.5 7.6 
3 19.5 15.6 
4 30.1 23.4 
Pipetting 2 
1 33.8 39.2 
2 44.0 45.9 
3 11.1 15.7 
4 32.8 43.1 
Pipetting 3 
1 53.9 40.3 
2 38.8 26.0 
3 9.5 14.5 
4 20.3 17.3 
Geometric mean 22.4 21.4 
Mean log cpm/mgt 1.35 1.33 


solutions (A and B), and order of pipetting (1, 2, 3) * 


Medial segment Proximal segment 


Geometric means by insulin preparations and sides of rats: 


A 
Left side 21:33 
Right side 17.6 
Both sides 19.4 


A B A B mean 
2 3 
10.7 10.2 9.6 10.6 10.6 
9.0 9.4 5.0 6.4 7.6 
18.4 12.8 10.2 22.3 16.0 
33.0 23.8 21.7 21.1 25.1 
1 
30.0 25.9 19.8 18.0 27.8 
32.5 39.6 35.9 29.9 37.5 
12.0 21.6 11.3 14.6 13.9 
32.1 39.9 31.4 | 34.8 
1 2 
32.3 21.3 26.8 23.8 31.3 
375 31.7 21.7 25.0 23.9 
9.6 13.1 8.6 11.5 12.7 
22.1 19.1 18.6 15.8 18.8 
20.6 20.2 15.8 17.5 
1.31 1.30 1.20 1.24 
B Both 
19.8 20.4 
19.4 18.6 
19.6 


* Each line represents the responses, in cpm per mg, from one rat. 


+ On Days 1 and 2, insulin preparation A was used for segments from the left side of the rat and preparation B for 


segments from the right side. 


This assignment was reversed on Days 3 and 4. 


t Standard error of each mean was 0.034, as calculated with the treatment X day interaction as error term. 


Segment differences (Table II) were less pro- 
nounced, but the combined responses from the 
proximal segments were significantly lower (p 
< 0.01) than from the other segments. The dif- 
ferences between the medial and distal segments 
were inconsistent and were significant (p < 0.05) 
on one day only. 

Again with the use of three rats on each of four 
successive days, a factorial experiment (31) was 
performed to study the effects of: a) segment dif- 
ferences as indicated by the results just reported ; 
b) variability in the preparation of the standard 
insulin solution; c) repeated use of the same pipet 
for any one solution; and d) differences between 
right and left fat pads of the same rats. Two 
preparations of insulin (A and B) were made by 
independent serial dilutions starting from the same 
standard solution containing 26 U per ml. Each 
piece of tissue was incubated with 62 »U of insulin 
taken from either preparation A or preparation B. 


The order of pipettings was designated as 1, 2 or 
3, the order being balanced over all segments on 
any one day. 

As shown in Table III, the proximal segments 
were again found to yield significantly (p < 0.01) 
lower values than the other segments; differences 
between rats were also highly significant (p 
< 0.001). On the other hand, no significant effect 
of insulin preparation, sides, or pipettings was ob- 
served. These results led to the adoption of the 
“balanced segment design” discussed in the follow- 
ing paper. 


DISCUSSION 
Sensitivity 
That insulin concentrations as low as 10 »U per 
ml, in the presence of gelatin-containing buffer, 
significantly enhance the production of C'*O, from 
glucose-1-C™ by the tissue preparation used is 
shown in Table IV. 
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Relationship between dose and response and choice 
of a statistical response metameter 


Dose-response relationships observed in six an- 
imals are shown in Figure 3. Although the data 
are obtained as total counts per minute per milli- 
gram wet weight (Figure 3A), it is desirable that 
they be transferred into some other units to meet 
the following requirements (32): @) similar ab- 
solute biological and experimental variation at 
different response levels as measured by the “vari- 
ance” or square of the standard deviation (this 
requirement is referred to in statistical terms as 
“homoscedasticity”) ; b) an additive, linear re- 
sponse to increasing doses of insulin within a suit- 
able range. 

Analyses were made of the square roots of the 
counts per minute per milligram and of the log- 
arithms of the counts per minute per milligram to 
see whether or not these “metameters” gave satis- 
factory results. As illustrated by the examples in 
Figure 3, the requirement of linearity was met 
reasonably well with each of these metameters in 
the analysis of a number of dose-response curves. 
While the square root responses (Figure 3B) ex- 
hibited greater scatter at high concentrations of 
insulin than at low concentrations, this difficulty 
was avoided when the log counts per minute 
(Figure 3C) were used. To provide a further 
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TABLE IV 
Effect of 10 wU insulin per ml gelatin-containing medium 
upon the oxidation of glucose-1-C' to * 


Radioactivity of CO» produced 


A(without B(with 


Animal no. insulin) insulin) Ratio B/A 
cpm/meg cpm/meg 

1 0.19 0.32 1.68 

0.18 0.30 1.67 

0.22 0.24 1.09 

2 14.1 16.0 1.14 

13.8 18.0 1.30 

15.5 20.0 1.29 

3 9.2 12.9 1.40 

10.4 12:4 1.16 

113 13.5 1.40 

4 12.8 14.9 1.16 

12:7 17.8 1.40 

bs 7.62 10.1 1.33 

8.15 10.3 1.26 

6 19.1 22.4 1.17 

2.80 3.66 1.31 

8 1.40 2,31 1.65 

9 3.59 8.81 2.45 

10 14.8 18.8 1:27 

11 Zao 28.2 1.11 

12 5.93 8.01 1.35 

Mean 1.38 

SE 0.08 

Significance pt < 0.01 


and left epididymal pads. 
t Probability that observed ratio could be a random 
sample from a population with a true ratio of 1.00. 
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Fic. 3. Dosk-RESPONSE CURVES OBTAINED IN SIX ANIMALS PLOTTED WITH THREE DIFFERENT 
RESPONSE METAMETERS. The responses are expressed per milligram wet weight of tissue. The 
doses of insulin are plotted on a logarithmic scale. 
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TABLE V 


Effect of purified human albumin * and y-globulin * on the 
oxidation of glucose-1-C" by rat adipose tissue 


Radio- 

activity 

No. of of COz 

values produced 

cpm/meg 
Insulin (31 wU/ml) 7.58 
Human albumin (40 mg/ml) 127 5.92 
Human y-globulin (10 mg/ml) 12 4.99 
Insulin (1,000 wU /ml) 6 36.08 


* Obtained from the Protein Foundation, Jamaica Plain, 
Mass., through the courtesy of Dr. Robert B. Pennell and 
Dr. H. N. Antoniades. Dialyzed against bicarbonate 
buffer prior to use. 

t In each of six rats, single high and low insulin standards 
were compared with duplicate samples of albumin and 
globulin. 


comparison, the index of precision (A = s/b) for 
other assays was calculated with both metameters. 
The logarithmic transformation resulted in lower 
values of A for 13 of 18 assays. The consistency 
from assay to assay was compared by calculating 
the standard deviations of the observed values of s 
(standard deviation) and of b (slope of the line). 
The logarithmic analyses resulted in somewhat 
smaller coefficients of variation (37 against 65 per 
cent for s, 34 against 37 per cent for b). The 
logarithmic transformation was therefore chosen 
as the routine method for subsequent analyses. 


Specificity 

That the effects of insulin upon adipose tissue 
are not completely specific is an a priori assump- 
tion of these studies. Just as many agents affect 
blood glucose levels in the intact animal, or glucose 
uptake by the isolated hemidiaphragm, many 
agents are likely to affect glucose metabolism by 
adipose tissue. The information to be presented 
in this section is intended merely to outline the 
general area of the specificity problem. 

Since insulin is a protein, it seemed of interest 
to document whether proteins in general accelerate 
glucose oxidation by isolated adipose tissue. Table 
V demonstrates that purified human albumin or 
y-globulin exerted less insulin-like action upon this 
tissue than the low standard (31 »U per ml), even 
at concentrations approximating those of serum or 
plasma. It is important to point out here that 
commercial preparations of these and other pro- 
teins frequently contain relatively large amounts of 
the agents used during their isolation, and that 
adequate dialysis is required prior to their use in 
the presence of isolated tissues. 

The effects of glutathione are shown in Table 
VI. In the disulfide form, this peptide did not 
influence the oxidation of the first glucose carbon 
by adipose tissue, nor did it affect the action of 
added insulin. In the sulfhydryl form, however, 
glutathione alone, at the relatively high concentra- 


TABLE VI 
Effect of oxidized and reduced glutathione (20 mM) on the formation of COs from 


glucose-1-C™ by rat adipose tissue, with and without added insulin (250 wU per ml) * 


Insulin and Insulin and 
Animal No Glutathione Glutathione glutathione glutathione 
no. addition (oxidized) (reduced) Insulin (oxidized) (reduced) 
1 3.61F 5.39 39.55 23.08 
2 5.07 4.71 28.26 49.80 
3 4.57 5.82 31.07 28.66 
4 5.62 8.05 51.65 36.55 
5 9.16 6.23 27.44 28.61 
Mean 5.61 6.04 35.59 33.34 
6 5.21 16.57 60.20 15.48 
7 6.00 12.50 42.93 15.68 
8 5.05 10.86 22.86 10.31 
9 3.59 8.60 14.70 8.10 
10 4.10 10.70 13.20 10.00 
11 5.50 8.80 12.10 9.30 
Meaa 4.91 11.34 27.68 11.48 


* Glutathione, with or without insulin, was added to the buffer 2 hours prior to the addition of adipose tissue, and 
kept at room temperature during that time. The samples not containing glutathione were treated identically. 


Radioactivity of CO, produced (cpm/mg). 
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TABLE VII 


Effect of serum (0.1 ml per ml) from normal guinea pigs and from guinea pigs immunized with beef insulin 
upon the formation of C4O2 from glucose-1-C™ by rat adipose tissue, with and without 


added insulin (250 pU per ml) 


Animal ) Normal Anti-insulin Insulin and Insulin and 
no. addition serum serum Insulin normal serum antiserum 
1 2.85* 23.02 64.84 15.39 
2 3.39 12.49 48.96 14.24 
3 3.98 10.49 26.91 6.52 
4 6.76 18.10 6.25 
5 12.48 36.06 12.51 
6 10.12 27.65 


3.41 


4.02 31.06 

8 3.94 10.84 

9 3.99 15.16 
Mean 3.98 19.02 


* Radioactivity of CO2 produced (cpm/mg). 


tion used, had an “insulin-like” effect, while com- 
pletely neutralizing the effect of added insulin. 
The latter observation is in keeping with the 
known insulin-inactivating effect of reduced glu- 
tathione and of cysteine. The stimulating effect 
of glutathione alone is as yet unexplained. The 
suggestion that certain amino acids and peptides 
alter lipogenesis from acetate by adipose tissue 
(33), a metabolic event likely to be associated with 
altered rates of oxidation of the first glucose car- 
bon, is but one of several possible explanations, 
all hypothetical. 

The effects of reduced glutathione upon this 
tissue were studied in part because of its possible 
usefulness in the characterization of insulin-like 
substances in complex solutions. The experiments 
shown in Table VII were similarly motivated. 
Anti-insulin serum * was obtained by immunizing 
guinea pigs against beef insulin according to the 
procedure described by Moloney and Coval (34). 
It is evident from the data that 0.1 ml of the 
antiserum per ml of medium exerted a small but 
significant “insulin-like” effect upon adipose tissue 
(presumably endogenous insulin-like activity of 
guinea pig serum) while completely neutralizing 
the activity of 250 »U added beef insulin. 

It is of importance to consider whether hor- 
mones other than insulin exert “insulin-like” or 
“anti-insulin-like” effects upon the adipose tissue 


4 The anti-insulin serum used in these experiments was 
generously made available to us by Drs. Werner Creutz- 
feldt and Paul Lacy, St. Louis, Mo. 


12.56 


37.09 
51.88 


28.22 32.31 
21.81 33.31 


30.64 


preparation used. Present information available 
to us may be summarized as follows. Epinephrine 
markedly affects adipose tissue metabolism in gen- 
eral and, in particular, stimulates glucose uptake, 
glucose oxidation, and glyceride-glycerol synthesis 
by this tissue. However, glucose oxidation by the 
phosphogluconate-oxidative pathway, as well as 
lipogenesis, remains relatively unaffected (24, 35). 
As a result, the oxidation of the first carbon of 
glucose is little affected by epinephrine, at least at 
physiological concentrations of the hormone, as 
shown in Table VIII. This contrasts with the 
well documented antagonistic effect of epinephrine 
in the rat hemidiaphragm assay (36). Growth 
hormone (25, 37) and adrenocorticotropin (37- 
39) have been reported to influence glucose metab- 


TABLE VIII 


Effect of physiological concentrations of epinephrine upon the 
formation of CO, from glucose-1-C' by rat adipose tissue, 
with and without added insulin (250 wU per ml). 


Animal no. 


Treatment 1 2 3 Mean 
No addition  2.93* 4.02 2.94 3.30 
Epinephrine 

1.8 ug/L 4.98 4.63 2.35 3.99 
18 pg/L 3.96 4.42 2.97 3.78 
Insulin 12.49 23.94 7.63 14.69 
Insulin + epinephrine 

1.8 pg/L 1.92 21.81 7.09 13.61 
18 ug/L 14.97 19.04 9.85 14.62 


* Radioactivity of CO. produced (cpm/mg). 
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olism by rat adipose tissue in vitro in a manner 
similar to that of epinephrine. Again, however, an 
insulin-like effect of these hormones appears un- 
likely under physiological conditions, in view of 
the concentrations required. Human growth hor- 
mone, in the concentration range of 0.1 to 5.0 pg 
per ml, and ACTH in the concentration range of 
0.1 to 100 mU per 100 ce do not effect the oxida- 
tion of the first carbon of glucose by this tissue, 
either by itself or in combination with insulin.® 
The insulin-like effects of glucagon upon adipose 
tissue are markedly diminished by pretreatment 
with cysteine, suggesting that they are at least in 
part attributable to contamination with insulin 
(40). Prolactin has been shown to affect adipose 
tissue metabolism in a manner similar to that of 
insulin (27, 41), although at concentrations which 
are several orders of magnitude greater than those 
required for insulin. Glucocorticoid effects upon 
glucose metabolism by adipose tissue have been 
sought, but not found by us (42) although con- 
trary observations have been reported very re- 
cently (43-45). 

The authors suggest that the information so far 
available has failed to reveal hormonal activity 
other than that of insulin which is likely to inter- 
fere significantly with the determination of ILA 
in samples containing physiological amounts of 
these activities, while recognizing the limitation of 
this argument. On the other hand, the studies 
which have been mentioned, as well as others, 
clearly indicate that adipose tissue is a tissue whose 
metabolic balance is delicately controlled by a num- 
ber of agents, including hormones. Another ex- 
ample concerns the reported ILA of nicotinic acid 
* at concentrations which may occur in blood during 
therapy with this agent (40). It seems evident 
that whenever “insulin-like” activity, as defined in 
this report, is found in complex biological samples, 
a great deal of additional evidence will be required 
before identity of this activity with insulin can 
be assumed. 


SUMMARY 


A bioassay procedure suitable for measuring 
small quantities of insulin or “insulin-like activity” 

5 Steinke, J., Zahnd, G., and Renold, A. E. Unpub- 
lished observations reported to 42nd annual meeting of 
the Endocrine Society, Miami, June, 1960, page 58 of 
program. 
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has been presented. The procedure is based upon 
the responsiveness to insulin of isolated epididymal 
rat adipose tissue. Several indices of insulin-like 
activity may be used, including glucose uptake, net 
gas formation, and lipogenesis from glucose la- 
beled with C'*. The index selected has been that 
of production of from glucose-1-C™,. 

The method is capable of detecting 10 »U of 
insulin per ml. The relationship between the log- 
arithm of the insulin concentration and the log- 
arithm of the response appears to be linear and is 
analyzed further in the subsequent paper. An 
advantage of the procedure derives from the ability 
to compare several standard solutions and un- 
known samples within tissue from any one animal, 
It is sufficiently convenient to allow for the routine 
comparison of two standards and four unknown 
samples in each of three rats on any given day. 

The effect of beef insulin upon this tissue is 
inhibited by pretreatment with reduced glutathione 
or by addition of antiserum obtained from guinea 
pigs. Although the tissue is responsive to many 
metabolic agents, including those of endocrine 
origin, information available so far has failed to 
reveal hormonal activities other than those of 
insulin which are likely to interfere significantly 
with the determination of insulin-like activity in 
samples containing physiological concentrations of 
these activities. It is essential, however, to con- 
sider any measured activity other than that derived 
from added crystalline insulin as “insulin-like” 
until sufficient evidence can be produced to estab- 
lish its identity with insulin. . 
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ACTIVITY USING RAT ADIPOSE TISSUE. 


II. EVALUATION 
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In the preceding paper (1), a biological assay 
method was proposed which utilized the increased 
production of CO, from glucose in response to 
minute quantities of insulin by epididymal adipose 
tissue of rats. Since the quality of an assay 
method is best revealed by its performance over a 
period of time, the present report will present the 
results obtained during 25 months when this assay 
procedure was applied to insulin solutions and was 
tested on more complex material such as human 
blood serum. The quantitative evaluation of the 


data was carried out to a large extent independ- 
ently from the actual performance of the assays, 
although consultations between the statistical and 


the biological teams occurred at irregular intervals 
of a few months. 


MATERIALS AND METHODS 


Blood sera. Blood samples were collected by venipunc- 
ture and allowed to clot at room temperature for 1 to 2 
hours. After centrifugation at room temperature, the 
sera were separated and immediately frozen after remov- 
ing a small sample for glucose determination. The sam- 
ples were then kept frozen until the evening preceding the 
assay when they were transferred to a cold room kept at 
4° C. When repeated determinations were to be carried 
out on the same serum sample, aliquots were frozen sepa- 
rately in order to avoid repeated thawing and freezing. 

Assay design. The technical details of the assay pro- 
cedure have been described in the preceding paper (1). 
In a routine assay of unknowns, the standard insulin solu- 
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§ Recipient of a research fellowship from the United 
States Public Health Service. 


tion was always given at least at two concentrations: 
> 31 wU and <1,000 wU per ml. Four “unknowns” were 
usually assayed at single levels. The six “treatments” 
were each given to a tissue segment from each of three 
rats. Subsequent to the demonstration (1) of systematic 
differences between proximal, medial and distal seg- 
ments,! a “balanced segment” design (illustrated in Table 
I) was adopted to eliminate these differences as well as 
differences between rats, from comparisons between treat- 
ments. The balanced segment design was also used in 
studies of the log dose-response curve (Table I). 
Statistical methods. Except for some early analyses, 
the data were recorded as the logarithms (logs) of the 
counts per minute per milligram wet weight of adipose 
tissue (1). The calculations for an assay are illustrated 
in Figure 1. The log counts per minute per milligram 
were first subjected to an analysis of variance to derive 
the residual standard deviation (s) after removing the 
effect of differences between rats, between segments, and 
between treatments. The standard slope (b), calculated 
for each assay separately, was used to estimate, by ac- 
cepted methods (2, 3), the logarithm (M’) of the potency 
of an “unknown” substance relative to the mean log dose 
(xs) of insulin standard. The logarithm (M) of the 
estimated insulin-like activity (ILA) in microunits of 
insulin per milliliter was calculated from M’ as shown in 


TABLE I 


Examples of design for segment balance over 
treatments within assays 


Standard 


Routine assay curve Rat 1 Rat 2 Rat 3 


aU 
insulin 
Unknown 1 
Insulin, low dose 
Unknown 2 
Unknown 3 
Insulin, high dose 
Unknown 4 


*D, P and M designate distal, proximal and medial adi- 
pose tissue segments, respectively. 


1 The segment closest to the base (i.e., closest to the 
epididymis) is termed the “proximal” segment, followed 
by the “medial” and the “distal” segments. 
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Fic. 1, THE STATISTICAL ANALYSIS OF A ROUTINE ASSAY.* This analysis form is designed for routine assays in which 
six ‘‘treatments,”’ two doses of insulin standard and four ‘‘unknowns,” each at one level, are given to the adipose tissue 
segments of each of three rats. Modifications in the form and the analysis must be made if there are one or more missing 
observations (8) or if there is a different arrangement of treatments, i.e., more than two dose levels of insulin or more than 
one dose level of an unknown. 


NOTATION: y = an individual response (log cpm/mg). x = log dose of insulin. y, X = mean of y and x, respectively. 
D, M, P = distal, medial and proximal segment of fat pad, respectively. R = in the analysis of variance, sum of y for 
one rat. R, Rio, Rui in computation of potency and confidence limits, sU ILA. r = number of rats or of responses to 
one ‘‘treatment.”’ T = sum of y for one “treatment.”” S = sum of y fora segment (D, M or P). N = 6r, total num- 
ber of responses. N, = 2r, number of responses to insulin standard. Ny = r, number of responses to a specific unknown. 
> = “the sum of.’’ | to.o5, to.o1 = value of t at the significance level selected (p = 0.05, p = 0.01) for the available degrees 
of freedom (d.f.) in the residual mean square (s?). SS = sum of squares. MS = mean square (SS divided by d.f.). 
F = variance ratio (5), i.e., specific MS divided by residual MS. 

* FORMULAS FOR THE ANALYSIS OF VARIANCE 

Source d.f. SS Example 
Total N X(y?) — (Zy)?/N (1.252 +---+ 1.96?) — 26.352/18 
Rats =(R*)/6 — (Zy)?/N (9.542 +---+ 9.512)/6 — 26.35?/18 
Segments . =(S*)/2r — (Zy)?/N (8.752 +---+ 8.512)/6 — 26.352/18 
Treatments 6-1 =(T?)/r — (Zy)?/N (3.022 +---+ 5.182)/3 — 26.352/18 
Regr. (std) (1) (Tui — Tro)?/2r (5.14 — 3.02)?/6 
Residual, N-r-7 Total SS — (Rat 2.1016 — (0.5501 + 0.0283 + 1.4516) 

+ Segment + Treatment SS) 


Test for regression: F = regression MS/residual MS = 83.23, p < 0.001. If the regression F ratio is not significant, 
potency estimates cannot be made. 
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Fic. 2. SCHEMATIC ILLUSTRATION OF DIFFERENT METH- 
ODS USED IN CALCULATING CONFIDENCE LIMITS FoR M. 
The three diagrams show the same dose-response regres- 
sion line, surrounded by confidence limits (for the line) 
that correspond to the formula illustrated. a. Approx- 
IMATE LIMITS WHICH NEGLECT ERROR IN SLOPE. b. WIDER 
APPROXIMATE LIMITS, BASED ON CALCULATIONS THAT 
IGNORE THE STATISTIC c. The confidence limits around 
the regression line are equally spaced in a horizontal 
direction from each point on the line, and Mr and Mo 
are symmetrically placed about M. c. ACCURATE LIMITS 
COMPUTED FROM THE RIGOROUS FORMULA (4), WHICH 
ALLOWS CORRECTLY FOR ERRORS IN THE ESTIMATES OF THE 
REGRESSION LINE AND IN THE RESPONSES. The confidence 
limits around the regression line are equally spaced in a 
vertical direction from each point on the line. Mx and 
Mv are asymmetrically placed about M. When the value 
of g is very small the limits in b and in c are practically 
identical. 


the figure. The “expanded” variance 2 and the confidence 
limits (Mz and Mv) for M were calculated (Figure 1) 
according to the rigorous formula (4) which incorporates 
terms for the error in the regression line and for the 
difference between the mean response to unknown (Fu) 
and to the reference standard (¥,). A comparison be- 
tween approximate formulas for the confidence limits and 
the rigorous formula is made schematically in Figure 2. 

Log dose-response curves were analyzed by the usual 
regression methods (5). The “paired-data” ¢ test was 
used to compare correlated slopes such as those in Table 
II. “Heterogeneity” of slopes in different assays or of 
M values from different assays for the same unknown 
2 This “expanded” variance is identical with Bliss’s 
(3) use of L*/4t®? where L is the confidence interval for 
an estimate. 
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was tested by the method of Cochran (6, 7), which is 
illustrated, for M values, by Bliss (3, 8). 

Results reported as not significant had a probability 
(p) > 0.05 under the appropriate null hypothesis. 


Log dose-response curves 


A study of the response to graded doses of insulin in 
the range 31 to 1,000 wU per ml was made in a balanced 
segment experiment (Table I) performed on 5 consecu- 
tive assay days (Figure 3). <A highly significant (p 
< 0.001) linear regression on log dose was observed on 
each day, and the five slopes did not vary significantly 
from each other. Curvature was not significant on any 
day, or in the pooled results. Comparable results vere 
obtained in eight subsequent similar assays (Table II) 
except that in two instances significant deviations around 
the straight line were present. 

Because many of these results showed an apparent, 
though nonsignificant, flattening at the upper part of the 
curve, the regressions were recalculated for the dose 
range 31 to 500 wU per ml. This calculation resulted in 
an increased slope and a slightly lower index of precision 
(A= s/b) in 11 of the 13 cases (Table II). The differ- 
ence in the two sets of slopes was highly significant 
(p < 0.001). Deviations from the regression line were 
now significant in only one assay. The combined find- 
ings, therefore, suggested that the 1,000 wU per ml con- 
centration might be beyond the linear portion of the 
dose-response curve although individual assays with three 
rats were not, in general, sufficiently powerful to detect 
this phenomenon. 


Routine assays 


In the period March 1958 through March 1960, several 
modifications were introduced in the design of the assays 
and in the doses of standard insulin used. The assays 


1.8r- 


Log cpm per mg. 
T 


31 62 125 250 


INSULIN, per mi. 


500 1000 


Fic. 3. Dos&-RESPONSE CURVES OBTAINED ON FIVE DIF- 
FERENT DAYS. Each point shows the mean log counts per 
minute per milligram of tissue from three rats; the line 
is the calculated mean log dose-response curve. 
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TABLE II 


Summary statistics showing response to log dose of standard insulin * 


Response to 5 doses 


Response to 6 doses 
(range 31-500 


(range 31-1,000 wU) 


Residual 
standard 
deviation 
Assay date (s) b nN 


5 Day experiment 


4/6/59 
4/7/59 
4/8/59 
4/9/59 
4/14/59 


05 
11 


0.405 0.2 
0.2 
0.195 
0.3 
0.2 


0.450 
0.415 
0.388 
0.357 


0.083 
0.095 
0.081 
0.149 
0.094 


84 
63 


Subsequent assays 


5/13/59 
8/5/59 

8/27/59 
9/25/59 
9/28/59 
9/30/59 
10/2/59 
10/5/59 


Meant 


Standard deviationt 


0.181 

0.305 

0.284 
0.141 | 
0.256 
0.279 
0.342 
0.165 


0.264 
0.063 


0.415 
0.377 
0.331 
0.502t 
0.425 
0.477 
0.424 
0.375t 


0.406 
0.041 


0.075 
0.115 
0.094 
0.071 
0.109 
0.133 
0.145 
0.062 


0.100 
0.028 


* Each line is based on responses, in log cpm per mg, from three rats. 
Significant deviations from linearity (p < 0.05). 
t In the calculations for mean and standard deviation, the assays with significant curvature were omitted. 


was intended for the study of the response to substances 
other than solutions of standard insulin; b) conformed 
to the design of its period; and c) included three responses 
to each of at least two dose levels of standard insulin. 


were divided, according to these modifications, into the 
four series shown in Table III and Figure 4. To study 
the characteristics of the method under routine laboratory 
conditions, a “routine assay” was defined as one which: a) 


TABLE III 


Summary of 147 routine assays for which the log counts per minute were analyzed 


I II 


Dates 3/5/58-4/3/59 4/13/59-5/27/59 6/10/59-10/19/59 11/6/59-3/31/60 


Doses of insulin 


standard 


Balanced segment 
design 


No. of assays 
included 


Mean + observed 
standard deviation: 
s 
b 


Number of assays 
with significantf rat 
variation 

Proximal segment 


giving lowest response: 


No. of assays 
No. of assays in 


which difference was 


significantT 


62-1,000 
No 


45 


0.085 + 0.031 
0.262 + 0.071* 
0.340 + 0.143* 


39 


621,000 
Yes 


16 


0.103 + 0.026 
0.318 + 0.090 
0.349 + 0.117 


1 


31-1,000 31-500 


Yes 


* Does not include 5 assays with nonsignificant slope on standard. 


tp < 0.05. 


4 
» 
0.503 0.181 
0.455 0.233 
toad : 
| 
| 
be 
31 
0.039 
= 0.102 0.068 
eee + 0.032 0.446 + 0.092 
ore = 0.106 0.082 0.232 + 
ea 0.356 + 0.126 
0.313 + 0. 
20 
ie” 
8 49 
= 27 
23 
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Mar. 
1958 1959 1960 
Fic. 4. VALUES OF X OBTAINED IN ROUTINE ASSAYS 
WITH SIGNIFICANT SLOPES PERFORMED DURING THE PERIOD 
Marcu, 1958 tHRouGH Marcu, 1960. Assays analyzed 
by Vcpm have been included and their \ values shown 
by open circles. In each part of the figure, the solid line 
represents the mean \ and the broken lines indicate one 
standard deviation on each side of the mean. Roman 
numerals refer to series identified in Table III. 


A statistical analysis of the log counts per minute per 
milligram of tissue was made of all 30 routine assays per- 
formed in the three month period, May to July, 1959, and 
all of the 55 routine assays performed in the five month 
period, November 1959 through March 1960. The other 
routine assays summarized in Table III were chosen for 
analysis for a variety of reasons, mainly that of deriving 
estimates of ILA for certain human sera and pancreatic 
extracts. 

Five of the assays analyzed, all in Series I, were non- 
valid because the responses to standard insulin failed to 
show a significant slope. Where the slope was signifi- 
cant, the values of b and of \ in the assays of the first 
three series were similar, but an appreciable and statis- 
tically significant (p< 0.01) change may be observed in 
the statistics from Series IV assays (Figure 4). 

A detailed tabulation of results in consecutive assays 
from Series III and IV is shown in Table IV. In each 
part of the table, the variation in the mean log counts per 
minute observed with the low dose of insulin was com- 
parable to the variation in the mean log counts per min- 
ute with the high dose. This finding stands in contrast 
to the unequal variation (heteroscedasticity) that is ob- 
served in the counts per minute themselves at different 
levels of response (1). 

The responses to the 31 wU per ml concentration of 
standard insulin were considerably lower (p< 0.001) in 
the Series IV assays in Table IV than in the Series III 
assays in the same table. Subsequent assays of series IV 
have maintained approximately the same level of re- 
sponse. It is possible that the relatively high slopes ob- 
tained in Series IV are due primarily to this phenomenon. 


Such differences between large groups of animals may 
represent seasonal or other differences in the metabolic 
state of the animals used, differences occurring despite 
the precautions employed in the effort to prevent them. 


TABLE IV 


Data from two groups of consecutive 
routine assays * 


Mean response to 
standard insulin 
Low High 
Assay date dose dose st 


A. 18 consecutive assays from Series III 
Standard insulin (uU/ml) 


31 1000 
6/10/59 0.723 1.217 0.069 
0.823 1.410 0.088 
0.933 1.503 0.136 
0.907 1.520 0.085 
1.057 1.743 0.089 
0.987 1.747 0.099 
1.060 1.494 0.186 
0.963 1.380 0.115 
0.940 1.410 0.045 
0.750 1.303 0.107 
1.035 1.630 0.079 
1.057 1.513 0.134 
1.197 1.687 0.078 
0.983 1.563 0.122 
1.000 1.687 0.099 
1.103 1.550 0.163 
1.060 1.576 0.177 
1.023 1.513 0.098 


0.978 1.525 0.109 
Standard deviation 0.120 0.145 0.037 


B. 21 consecutive assays from Series IV 
Standard insulin (uU/ml) 
31 500 
11/6/59 0.747 1.317 0.084 0.177 
11/10 0.823 1.263 0.077 0.216 
11/17 0.477 1.197 0.095 0.159 
11/18 0.853 1.450 0.055 Y 0.111 
11/19 0.840 1.353 0.137 425 0.322 
11/20 0.717 1.220 0.084 0.202 
11/27 0.813 1.433 0.246 0. 0.472 
11/30 0.723 1.167 0.077 9 0.210 
12/2 1.287" 0.310 
12/9 0.883 1.350 0.134 0. 0.348 
12/10 0.963 1.447 0.097 0.245 
12/11 0.587 1.083 0.262 0.637 
12/14 0.540 1.097 0.084 ; 0.182 
12/16 0.503 1.123 0.111 513 0.216 
12/17 0.633 1.110 0.082 a 0.209 
12/18 0.548 1.150 0.077 ; 0.155 
12/21 0.787 1.260 0.070 0. 0.178 
12/22 0.447 0.933 0.055 0.136 
12/28 0.567 1.030 0.122 0.318 
12/29 0.720 1.023 0.071 Wi: 0.280 
12/30 0.667 1.113 0.100 0. 0.270 


Mean 0.695 1.208 0.107 0. 0.255 
Standard deviation 0.146 0.146 0.054 9. 0.122 


* Each line is based on responses, in cpm per mg, from 


three rats. 
+ d.f = 8 except in assays 6/18 and 7/27 where d.f. = 7. 


70 
IV 
0.327 0.211 at 
0.389 0.226 
0.378 0.360 | 
0.406 0.209 
0.455 0.196 
0.504 0.196 
0.287 0.648 
0.276 0.417 
0.312 0.144 
0.367 0.292 
0.395 0.200 
0.303 0.442 
0.325 0.240 
0.384 0.318 
0.455 0.218 
0.296 0.551 
0.341 0.519 
0.325 0.302 
0.064 0.144 
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TABLE V 


Minimum 95 per cent confidence ratio for potency estimates in 
two standard insulin dose ranges for an assay with six 
responses to standard insulin and three responses to a 
level an unknown serum 


Accurate estimates of 

minimum ratio in two 

standard insulin dose 
ranges 


31-500 wU or 
62-1,000 


Approximate 

ratio which 
ignores 

g 31-1,000 


— 
why 

— 
AWN 


om 


072. 


NR 


Effectiveness of assay design. Variation between 
the tissues of different rats was significant and 
often very large in 67 per cent of the routine 
assays reported here. In these cases, the procedure 
of making all comparisons within rats reduced the 
residual error term by a factor of 2 to 10 (9). 

The difference between segments was_ less 
marked and less consistent. The proximal seg- 
ments gave lower responses in 5 of the 13 standard 
curves in Table II; the difference was significant 
at p < 0.05 in 2 of these. Similarly, the proximal 
segments gave lower values in 84 out of the 102 
routine assays (significantly lower in 33) in Series 
II through IV. The overall finding of lower values 
in 84 out of 102 assays is highly significant (p 
< 0.001) by a x? test (5). 

Maximum precision of estimates. A_ useful 
measure of the precision of an assay is the “95 per 
cent confidence ratio” (10-12) defined as the ratio 
of the upper limit of the 95 per cent confidence 
interval of a potency estimate to the lower limit 
of the same interval. This ratio is equal to the 
antilogarithm (log*) of L= My— My. Using 
the notation of Figure 1, the rigorous calculations, 
yield : 


When ¥, = ¥s, Equation 1 reduces to the mini- 
mum L where 


min L = 


(Fu—Fa)? 


[1] 


[2] 
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The antilogarithm of Equation 2 is the mini- 
mum confidence ratio attainable in a particular 
assay. The statistic g in Equations 1 and 2 
varies with the error in the estimate of slope. 
When this error is sufficiently small to make 
g < 0.05, it may be omitted from the calcula- 
tions (2, 13). Under these conditions Equation 
2 reduces to the formula of sient 2a, namely, 


[3] 


The value of t in these formulas depends on the 
level of confidence chosen (95 per cent) and on 
the degrees of freedom (d.f.) for s?. In the pres- 
ent design there are 8 d.f. giving t = 2.306. The 
wel a depends on the number of re- 
N.Na 
sponses contributing to an individual potency 
estimate, and in the routine assay design it is 
equal to 0.5. If these constants are substituted 
in Equations 2 and 3, the formulas reduce, in 
this routine design, to: 


1 
min L = 3.26d [4 ] 


and Q = 3.26d. [5] 


The statistic g is related to the index \ as is 
shown by the algebraic identities: 


value of — 


r(x — 


s*t? 
b’rd(x — x)? 


s*t* 


In the routine assay design, t?/r=(x — x)? 
depends only on the doses of standard insulin 
given. For the dose ranges used in these assays, 
the following values may be calculated : 


32 (x —x)? g 
3.414 1.558 
2.187 2.434 d2 


Standard insulin per ml 

31 
31 wU— 500 wl or 

62 whU—1,000 
The minimum L to be expected for values of A 
ranging from 0.10 to 0.55 was calculated by insert- 
ing the appropriate values of 1/(1-g) into Equa- 
tion 4. The corresponding minimum confidence 
ratios are shown in Table V where they may be 
compared with the approximations given by Equa- 
tion 5. It is clear that in small assays of this 
type, use of the approximate formula will lead to 
appreciable underestimation of the minimum error 
of potency estimates unless A is < 0.20, The small 
number of responses per assay produced the phe- 


ot 
0.10 Q = 20. NN. | 
0.15 N.Nu 
0.20 
0.25 
0.30 
0.35 
0.40 
0.45 
0.50 
0.55 
a 
i 
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TABLE VI 


Results of repeated assays of same sera 


Potency 
estimate 
of ILA 
(wU/ml) 


Date when 
sample was 


Subject obtained 


Expanded 
Log variance 
potency predicted 
(M) for M 


p Value in 
test for 
heterogeneity 


Observed 
variance 


LG. 9/8/59 


9/15/59 


11/-/58 
8/20/59 


nomenon, notable in Table V, of a rapid expansion 
in the minimum confidence ratio with an increase 
in the value of A. 

The confidence ratios may be reduced by in- 
creasing the number of responses per assay. De- 
pending on the design (2) such an iricrease could: 
reduce the value of ¢ by its effect on the d.f.; 
reduce the magnitude of (N, + Nu)/NxNy;3 in- 
crease the value of r3(x-x)*; and reduce the size 
of g. For example, if six rats were used in the 
routine assay of four unknowns with no other 
change in the design, the 95 per cent minimum 
confidence ratios for an assay where A= 0.30 
would be 6.6 for the approximate ratio, and 7.0 
and 7.2 for the accurate estimates in the two dose 
ranges shown in Table V, a decrease of approx- 
imately 40 per cent in the accurate ratios. 

Interassay variation. The foregoing section 
refers to the reproducibility of assay results as 
estimated from the statistics within individual 
assays. Accumulated experience, however, per- 
mits direct comparisons of results in different 
assays and, therefore, comparisons between pre- 
dicted and observed reproducibility (14). 

The slopes of the different assays within Series 
I and Series IV did not vary significantly more 
than expected for estimates based on two responses 
per rat. In the other two series the observed 
variance between slopes was approximately double 
the predicted variance (p < 0.05). This common 
phenomenon is of no practical significance when 
standard slopes are run in each assay. The acid 


0.1005 
0.1756 
0.0400 
0.0276 


0.0259 
0.0342 
0.0289 


2.765 
2.525 
2.776 
2.350 


>0.30 


2.526 
2.326 
2.545 


1.407 
1.734 
1.804 
1.391 
1.318 
1.490 


0.0134) 
0.0269 { 


test of interassay variation is the reproducibility of 
M values obtained in different assays of the same 
unknown. Estimates from two to five independent 
assays of four different sera are shown in Table 
VI together with the “expanded” variance of M 
calculated in each assay, and with the variance cal- 
culated from the observed M values. It is clear 
both from the p values in the test for heterogeneity 
and from the comparison of observed with pre- 
dicted variances that the interassay variation 
among these M values was not greater than 
predicted. 


RESULTS 


Tests of “normal” human sera 

Technically valid estimates * of ILA were avail- 
able for 50 undiluted serum samples obtained from 
30 fasting, apparently normal human subjects. 
The 95 per cent confidence ratios were > 100 for 
12 of these estimates obtained in a total of eight 
different assays. In two assays there were fewer 
than 15 usable responses; in the other instances 
large “expanded” standard errors of M were pro- 
duced by a combination of A values > 0.40 with 
mean responses for the unknowns that were at one 
of the extremes of the standard curve. 

The remaining 38 estimates of ILA involving 
23 subjects are shown in Table VII as microunits 
of insulin per milliliter of serum, together with 


3 These were derived from assays with significant 
slopes. 
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9/10 582 
9/14 335 
9/16 597 0.0420 
10/14 224 

J.K. 9/17 336 

10/6 212 0.0147 >0.50 

10/14 351 ie 
G.C. 12/1 26 oe 
12/15 | 0.0535 >0.10 
8/28 64 0.0240 ae 

| 9/2 32 0.0600 

| 9/3 25 0.1399 0.0892 >0.50 ak 
9/8 21 0.5227 
9/21 31 0.0581 a 
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TABLE VII 


Estimates of ILA of 38 undiluted serum samples from 23 
fasting normal individuals * 


ILA in wU/ml serumt 


95% 
Confidence 

Subject Sex Age Estimate limits 
P.B. M 37 510 200-—1,600 
H.B. M 24 35 7- 9 
R.B. M 26 140 38- 390 
M 38 310 94~1,200 
A.F. M 25 300 130— 790 
R.H. M 29 440 150—1,600 
S.M. M 25 840 380—2,300 
G.Z. M 33 440 170—1,600 
24 810 260—4,210 
U.D. F 22 130 28— 430 
A.E. F 23 360 170— 830 
V.S. F 39 350 180— 690 
G.C. M 33 33t 21- 53 
43t 72 
At M 33 190 73— 460 
300 100— 920 
100 24— 290 
510 230-1,300 
130 10— 570 
P.D. M ? 44 32— 110 
180 100— 300 
B.J M 28 89 15— 270 
270 64-1,400 
J.K M 34 310 110—1,000 
300f 190— 480 
B.L M 30 390 130-1,600 
35 6- 94 
H.M M 29 100 22— 320 
290 170— 490 
U.M M 27 360 150— 970 
450 210—1,100 
A.R M 35 89 40— 170 
300 60—1,800 
940 220-1,200 
F.W. M 31 150 37— 460 
230 48-1,100 
L.G i 28 150 78- 440 


360t 210- 610 


* Repeated samples from an individual were taken on 
separate occasions. 

t Rounded to two significant digits. 

t Derived from weighted means of multiple estimates in 
Table VI. 


their 95 per cent confidence limits. The estimates 
ranged between 33 and 940 wU per ml. 


ILA of serum following infusions of glucose and 
of mannose * 


Samples of blood were collected from nondi- 
abetic fasting subjects in apparent good health, 
just before an intravenous infusion of either glu- 
cose or mannose (0.5 g per kg body weight in a 
50 per cent solution given over 3 minutes) and 


4 The mannose infusions were carried out in collabora- 
tion with Drs. Francis C. Wood, Jr. and George F. 
Cahill, Jr. 


also 10, 20 and 60 minutes after the infusion. All 
four samples from any one subject were tested 
together in one assay. 

Serum glucose levels after the infusion of glu- 
cose showed the expected pattern, the mean values 
for the subjects in Figure 5 being 75, 275, 212 and 
82 mg per 100 ml in the four time periods. Fol- 
lowing mannose infusion, glucose values varied 
randomly within normal limits, while the mean 
serum mannose dropped from a peak of 216 mg 
per 100 ml at 10 minutes to 90 mg per 100 ml 
at 1 hour. 

The sera from seven subjects in the glucose 
experiments were tested in eight assays, two of 
which failed to show a significant slope in the 
response to standard insulin. Potency estimates 
could be calculated for four subjects from one 
assay each; for a fifth subject (G.C.) estimates of 
ILA were derived from weighted mean M’s from 
two assays (15). 

Five subjects were given mannose infusions. 
In the assays of their sera, mannose was added to 
all the media in a concentration equal to the mean 
mannose content of the sera tested (200 to 230 mg 
per 100 ml). The usual response to standard 
insulin, with significant slopes, was seen in all 
five assays.®° Estimates of ILA were calculated 
from these assays in the usual way, for compara- 
tive purposes, although they were not included 
in Table VII. 

Twenty minutes after the infusion of glucose, 
the ILA of the serum of each subject was in- 


(o} GLUCOSE 


(b) MANNOSE 


ILA, per mi. 


j 


l i 
10 20 60 
MINUTES ofter INFUSION 


Fic. 5. Estimates or ILA IN HUMAN SERA PLOTTED 
ON A LOGARITHMIC SCALE: a. FOLLOWING INFUSION OF 
GLUCOSE; b. FOLLOWING INFUSION OF MANNOSE. 


> Not included in the assay summary because of the 
added mannose. 
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SERUM AND TO STANDARD INSULIN. 
the abscissa. 


Serum 


Fic. 6. THE RESPONSE OF ADIPOSE TISSUE TO SERIAL DILUTIONS OF HUMAN 
The dose of insulin or serum is shown on 
The estimates of ILA with 95 per cent confidence limits in micro- 


units per milliliter, as calculated from all the data, are shown where there was 


no significant nonparallelism. 


creased (Figure 5) by a factor which varied from 
100 to 440 per cent. The increase was significant 
(at p < 0.05) in all cases but one (N. M.). In 
contrast, after the infusion of mannose the ILA 
varied in a random fashion (Figure 5) and none 
of the differences reached statistical significance. 

To form an approximate estimate of the power 
of these assays to detect changes in ILA, the 
statistics in each assay were used to calculate the 
smallest difference between two means of three 
responses each that would be significant at p 
< 0.05 by a one-sided ¢ test. For each “least 
significant difference,” the corresponding increase 
in potency was calculated, and ranged from 40 to 
330 per cent (i.e., a potency 1.4 to 4.3 times the 
pre-infusion value). A least significant difference 
was also calculated for samples tested in separate 
assays (15). The calculations, which were based 
on the minimum “expanded” variance of an M 
from each assay, appreciably underestimated the 
differences which would actually have been re- 
quired for statistical significance. Even these 
underestimates indicated that, to be detected, sam- 
ples compared in different assays would have to 
show at least twice as much change as could be 
detected within an assay. 


The response to diluted sera 


The effect of diluting human sera was tested in 
five assays. In each instance a sample of serum, 


taken from a fasting normal volunteer, was tested 
full strength and also after dilution with buffer to 
50, 25 and 12.5 per cent strength. The results are 
shown in Figure 6. The slope of the response to 
standard insulin was highly significant (p < 0.01) 
in each assay. In one assay, there was significant 
(p < 0.05) nonparallelism between the slope on 
standard insulin and on serum. In the other four 
assays estimates of ILA and of 95 per cent con- 
fidence limits (Figure 6) were calculated from all 
the data with a “combined” estimate of the slope 
based on the responses to both the serum and the 
standard insulin (2, 8). 

The values for A, calculated from the combined 
slope, were 0.36, 0.22, 0.22 and 0.23, in the order 
shown in Figure 6. The 95 per cent confidence 
ratios, calculated according to Equation 1, were: 
9.6, 3.5, 5.0 and 3.0. These ratios were smaller 
than the minimal ratios (Table V) corresponding 
to similar A values, both because all 18 responses 
in an assay contributed to the estimate of slope 
(thus diminishing the value of g), and because 12 
responses for a test serum were available for each 
estimate of potency. 

On the other hand, a question must be raised 
about the effect of dilution on the serum, Al- 
though there was no significant nonparallelism in 
four of the assays, the slope of the response to 
serum was flatter than the standard slope in each 
This result in the five cases combined 


instance. 
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was significant (p < 0.05). Estimates of the rela- 
tive potency of the 12.5 per cent dilution computed 
for the five examples in Figure 6 were, in the 
order shown, 110, 170, 170, 170 and 270 per cent 


of the potency of the same serum before dilution. 


DISCUSSION 


This procedure meets the first major require- 
ment for a quantitative biological assay method by 
exhibiting a relatively reproducible linear response 
to the logarithm of increasing doses of standard 
insulin. The results of experiments with multiple 
doses of standard insulin have been confirmed by 
the observations that over a period of 25 months 
significant regressions occurred in all but 5 of the 
147 routine assays analyzed. The suggestion that 
the linear portion of the dose-response curve lies 
below the concentration 1,000 »U per ml, has been 
supported by the finding that the assays in Series 
IV (31 to 500 »U of insulin) had significantly 
steeper slopes and better A values than the earlier 
series. The iurther observation that the variation 
in the response to high and low doses was of 
similar magnitude shows that the log counts per 
minute were a satisfactory response metameter for 
these assays. 

Although potency estimates derived from these 
assays have a large error, the precision can be 
increased not only by increasing the size of indi- 
vidual assays, but also (Table VII) by reassaying 
an unknown on several days. The evidence avail- 
able to date regarding the reproducibility of inde- 
pendent estimates of the potency of a sample of 
serum from assay to assay does not indicate the 
presence of important interassay error. The pre- 
cision of the method compares favorably with that 
of other methods used to measure ILA in blood. 
For the rat diaphragm method, reported values 
(16, 17) of A have been in the range 0.20 to 0.40. 
Willebrands, Groen and van der Geld (12, 18) have 
estimated a 95 per cent confidence ratio of 9.0 in 
assays with five responses each at single levels of 
standard insulin and of diluted serum. Since their 
calculations omit both the term 1/(1-g) and the 
term for ¥y — ys in Equation 1, this estimate is 
comparable to the approximate minimum ratio 
calculated from Equation 3. From the data on 
the standard response presented (18) by these 
authors it may be calculated that the value of A 
was approximately 0.50 to 0.60. 
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The use of epididymal adipose tissue offers the 
important advantage that all estimates for un- 
knowns can be based on a response to two or more 
dose levels of standard insulin obtained from tis- 
sues of the same rats at the same time. It is now 
generally accepted that estimates made in this way 
are more reliable than those calculated from an in- 
dependent, previously obtained, estimate of stand- 
ard slope. The importance of this feature is indi- 
cated by the variation observed between the slopes 
of assays in Series II and III. 

The possibility of giving a number of different 
treatments to the tissue from each rat has several 
additional advantages. One set of responses to 
standard insulin provides the basis for potency 
estimates of several unknowns, thereby producing 
more efficient utilization of animals and laboratory 
time. Moreover, this opportunity to compare 
several sera or other unknowns within an assay 
adds considerably to the power of the method. A 
difference between two samples tested in one assay 
is subject only to the experimental variation af- 
fecting the responses to the two samples. Two 
potency estimates from two separate assays are 
each subject to experimental variation affecting a 
mean response to the unknown and to standard 
insulin, and to variation affecting an estimate of 
slope. As a result, a “between-assay” comparison 
of two potency estimates is subject to variation 
affecting the responses both to the unknowns, and 
to two separate sets of standard insulin doses. 
With a given degree of precision per assay, there- 
fore, and no interassay variation, within-assay 
comparisons can detect smaller differences than 
can between-assay comparisons. 

The effect on ILA of diluting complex samples 
such as sera, has important practical implications 
for the use of this assay method, in addition to its 
physiological interest and its relevance to the fun- 
damental validity of the assay method (2). Al- 
though in pharmacology nonparallel behavior of 
the responses to unknowns and to the standards 
suggests nonidentity, in complex biological sam- 
ples other interpretations have to be considered. 
For example, the activity may be present in dif- 
ferent chemical or physicochemical states (such as 
“bound” and “free’’) related to each other by 
equilibria sensitive to dilution. Still, unless serum 
does produce responses that are parallel to the 
reference standard, potency estimates derived from 
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diluted serum and even from undiluted serum 
must be interpreted with special caution. 

The preliminary results reported here suggest 
that if dilution of serum does produce a relative 
increase in potency as shown by the response of 
epididymal adipose tissue, this effect is consider- 
ably less pronounced than the increase observed 
in assays utilizing the rat diaphragm. For ex- 
ample, from the data presented by Randle (19), 
it may be calculated that dilution of serum to 25 
per cent altered ILA to 80, 320, 330, 400 and 660 
per cent of that observed before dilution. Wille- 
brands, van der Geld and Groen (18) reported 
estimates for sera diluted to 10 per cent which 
were 350 to 1,300 per cent of estimates made from 
more concentrated preparations of the same sera. 
In the light of the smaller discrepancies (110 to 
270 per cent ILA in diluted sera) observed in this 
laboratory, further study is being given to the 
feasibility of estimating the total ILA of undiluted 
serum from assays performed on diluted serum. 
If this procedure should prove possible, the scope 
of the assay method would be appreciably in- 
creased. 

The data on serum ILA which have been pre- 
sented are intended to illustrate the possible ap- 
plicability of the procedure to complex biological 
samples. This in no way implies that the activity 
measured in serum was indeed insulin. Studies 
related to the nature of the ILA of serum will be 
published after they have been completed, al- 
though it may be pointed out at this time that the 
response to glucose (and not to mannose) sug- 
gests an insulin component. Similarly, serum ILA 
measured by this procedure is higher in pancreatic 
and portal venous blood than it is in the general 
circulation (20), and is frequently elevated in 
serum obtained from patients with tumors of pan- 
creatic islets with hypoglycemia (21). ILA in 
serum is also increased after the intravenous ad- 
ministration of insulin and recoveries of insulin 
added to serum are satisfactory.® A major por- 
tion of serum ILA is destroyed by incubation with 
reduced glutathione. However, serum ILA does 
not appear to be reduced below the normal range in 


pancreatectomized dogs (22) or cats.’?  Accord- 
6 Steinke, J., Dagenais, Y. M., and Renold, A. E. Un- 
published observations. 
* Steinke, J., Lukens, F. D. W., and Renold, A. E. Un- 


published observations. 
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ingly, considerable work with isolation, extraction 
and characterization procedures will be required 
before a definitive statement on the nature of ILA 
in serum can be made, 


SUMMARY AND CONCLUSIONS 


Experiments and routine assays performed over 
a period of two years and involving over 500 rats 
indicate that it is feasible to measure minute con- 
centrations of insulin (or of “insulin-like activity”’ ) 
by utilizing measurements of the CO, produced 
from glucose-1-C™ by epididymal adipose tissue of 
rats. The tissue response is recorded as the log- 
arithm of the counts per minute of CO, produced 
per milligram of adipose tissue (wet weight). 
After incubation with standard insulin in concen- 
trations of 31 to 500 wU per ml, the log counts 
per minute increase linearly with the log dose 
of insulin. 

The utilization of epididymal adipose tissue per- 
mits assays to be so designed that simultaneous 
comparisons between standard insulin and several 
“unknowns” may be made while eliminating dif- 
ferences between rats and between the several 
segments of each epididymal fat pad. Six dif- 
ferent combinations of substances and concentra- 
tions are tested in each experiment or assay. The 
design for a routine assay was presented together 
with the method of analyzing the results and of 
calculating accurate confidence limits. 

Data from 147 routine assays were summarized. 
Significant slopes in the response to standard 
insulin were found in all 102 analyzed assays per- 
formed with the balanced segment design. The 
last series of 55 assays, in which standard insulin 
was given in concentrations of 31 and 500 pU per 
ml, had a mean index of precision (A) of 0.23. 
With small assays, this value of A still implies a 
rather large error, although the error may be 
decreased by modifying the design of an assay. 
The precision is at least comparable to that of 
other methods presently in use. 

Within individual assays, each utilizing tissues 
from three rats, the method was sufficiently pre- 
cise (or powerful) to detect an increase in serum 
insulin-like activity 20 minutes after the intra- 
venous infusion of glucose. 

Preliminary data suggest that potency estimates 
are reproducible from assay to assay, within the 
error of the method. Other preliminary experi- 


| 
ae 
4 


1510 SHEPS, NICKERSON, DAGENAIS, STEINKE, MARTIN AND RENOLD 


ments suggest that, by this method, there may be 
less discrepancy in insulin-like activity following 
dilution of complex samples such as serum than 
has been observed in the rat diaphragm assay 
procedure. 
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A TYPICAL COMBINATION OF ACCESSORIES 
MEDICAL & LABORATORY MICROSCOPE $M, with 
inclined monocular tube, mechanical stage; two-lens 
condenser with swing-out upper element and iris 
diaphragm; quadruple nosepiece; substage illumi- 
nator; carrying case. With optical outfit consisting 
of achromats 3.5x, 10x, 45x, and 100x—oil 6x and 
10x eyepieces. 


THE NEW 


MEDICAL & LABORATORY 


microscore WR 


Leitz sets a new standard in introducing this 
general purpose microscope for student and 
laboratory use. The SM model embodies the 
advances of design and craftsmanship that only 
100 years of microscope experience can provide. 
It combines solid construction and operational 
ease with true accuracy and precision. The 
Leitz MEDICAL & LABORATORY MICROSCOPE SM 
is the ideal microscope for the laboratory. 
Among its outstanding features are: 


© Famous Leitz ball-bearing, single knob, dual 
focusing control, combines fine and coarse 
focusing 

¢ Handsome design, solid and dependable 
construction 

 Flat-surfaced stand of corrosion-resistant light 
alloy 

¢ May be used turned away from observer for 
easy accessibility to slide 

© Instant-locking device changes tubes (inclined 
or straight monocular or binocular) in a one-step 
operation 

¢ Variety of object stages to choose from 

¢ Removable mirror interchanges with attach- 
able illuminators 

Retractable spring-loaded mounts on_ high- 
powered objectives provide positive protection 
against damage to slide or front lens. 


| E. Leitz, Inc., Dept. CI-9 
468 Park Avenue South, N. Y. 16, N. Y. 
Please send me additional information on 
the SM Microscope 
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For Precise Measurement of H°® and C“ 


The NMC Internal Flow 
Proportional Counting System 
(PC-3A) 


TYPES OF ACTIVITY 100% resolution of alphas in the presence 
of high-level beta activity. Betas accurately counted in the 
presence of alphas. No window absorption. Sample is analyzed 
directly inside detecting chamber. Mylar window detecting 
chamber optional at extra cost. 

YIELD Full 2 pi geometry. Highest yield possible in flat sample 
counting — alphas 51%, betas 55% to 75%, gammas 1%. 
PRECISION Detects every alpha and beta which escapes from 
the sample surface through a 2 pi angle. 

BACKGROUND Alphas less than 0.1 counts per minute. Beta- 
gamma 12 counts per minute with type-C chamber for 1” 
diameter sample. Other size chambers available. 
DECONTAMINATION All chambers can be decontaminated in less 


than 10 minutes. 


Convert Your Present Scaler to a 


APPLICATION The only system that effectively analyzes the 
radio-activity of compounds with such widely differing isotopes 
as H-3, C-14, P-32, $-35, K-40, Ca-45, Fe-59, Ni-63, Zn-65, Au-198, 
Fe-55, Po-210, Th, U and Pu-239. 

OPERATION Due to the high yield, counting time may be re- 
duced 80% to 95%. 

VERSATILITY Convenience outlets and selector switch for oper- 
ating any standard detector — well counter, GM detector, etc. 


Proportional Counting System 


with any one of these NMC Proportional Counter Converters 


They connect to the GM input of any scaler with a variable high voitage 


PCC-10A All-purpose counting chamber 
accepts disc samples up to 244” dia. 


supply... to provide the same results as with the PC-3A shown above. 


PCC-1IA Chamber totally enclosed by 
heavy lead shield to reduce beta-gamma 


PCC-12A Large chamber accepts 
samples up to 742” diameter x 1” thick. 


x 4”. Chambers available for lower background counting. Other features are Ideal for bulky samples or large-area 
background counting. 742” x 10%” the same as for PCC-10A. 942” x 942” x filter paper samples. 10” x 11” x 19” 


x 17” deep. 144)” deep. 


deep. 


Mylar window detecting chamber optional on al! models. 
WRITE FOR FREE LITERATURE, OR PHONE COLLECT — Liberty 6-2415 


Nuclear Measurements Corp. 
5967 EAST 25TH 


ST. - INDIANAPOLIS 18, IND. 
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ACCURATE 
QUANTITATIVE 


A colorimetric determination for true glucose, based on the specific enzymatic 
oxidation of glucose by glucose oxidase. 
Because of its specificity and ease of use, Glucostat has replaced older, more 
cumbersome methods in hundreds of laboratories. 
If you are interested in a complete description of the product and the directions 
for its use, write for “Worthington New and Improved Enzyme Reagents.” 
This booklet also contains descriptions of Worthington Determatubes, enzymatic 
reagents for determining SGO, SGP, LDH, alcohol, and uric acid as well as 
Glucostat. 

For information, write: 


worthington biochemical corporation 


FREEHOLD 8, NEW JERSEY 


When too many tasks 
seem to crowd 

the unyielding hours, 

a welcome 

“pause that refreshes” 
with ice-cold Coca-Cola 


often puts things 
into manageable order. 
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Sanborn Model 769 
Viso-Scope — for 
monitor use with 
existing Sanborn 
Recording Systems 


EVENTS AT ONCE. . 


HE vertically mounted 17” screen provides ample 

space for up to 8 clear, long-persistance traces to be 
shown simultaneously on the Sanborn Model 769 
Viso-Scope. Individual plug-in gating amplifiers in 
the 769 perform the function of an electronic switch 
— one amplifier for each signal to be shown on the 
‘scope — the signals being derived by direct con- 
nection of the 769 to existing Sanborn Recording Sys- 
tems such as Model 60 Twin-Viso, Models 64, 77M, 
150M and 350M Poly-Visos, and 550M Poly-Beam. 

Automatic or manual trace sweep speeds of 2, 4 and 
8 seconds (5, 2.5, and 1.25 inches /sec) are provided 
and an additional manual sweep speed of 25 seconds 
is included for use when slowly changing waveforms 
such as dye dilution curves are studied. 

Controls permit sensitivity ranges from 5” /volt 
to 4” per volt, positioning of each signal at any level 


. ON A 17 INCH 


SCREEN 


on the screen, and vector loop presentation. A 
Polaroid filter is used to minimize interference from 
room lighting, and provision is made for tilting the 
‘scope unit forward (up to 20 degrees) for optimum 
viewing ease. Front and rear input connections are 
available. With suitable cabling, several 769 units 
can be connected together for master slave operation. 

The Model 769 Viso-Scope — scheduled for delivery 
starting in September — is the first of a group of 
Sanborn “760” Monitor Units (including low voltage 
preamplifiers) soon to be made available for use in 
Hospital Operating Rooms, Recovery Rooms and 
Intensive Care Units, and by Catheterization Units 
and Teaching Groups. 

For complete details, contact your nearest Sanborn 
Branch Office or Service Agency, or write the Inquiry 
Director at the Main Office in Waltham. 
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MEDICAL DIVISION, 175 WYMAN STREET, WALTHAM 54, MASS. 
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evidence... 
continued clinical 
experience indicates 
it as a valuable 
cytotoxic agent 


CYTOXAN 


Cyclophosphamide, Mead Johnson 


FOR PALLIATIVE CHEMOTHERAPY OF CERTAIN TYPES OF MALIGNANT NEOPLASMS 
Report from a recent comparative clinical evaluation of two alkylating agents: “With the use of cyclophosphamide 
[Cytoxan], there is a relative lack of thrombocytopenia and a diminution in gastrointestinal side-effects, so that it 
may offer therapeutic advantages over other alkylating agents.”* 

Other Advantages in Clinical Practice: Broad spectrum of application - High therapeutic index - No vesicant 
activity—may be given orally or parenterally. 

For a copy of the Cytoxan brochure, or other additional information on Cytoxan, communicate directly with the 
Medical Department (Section D), Mead Johnson & Company, Evansville 21, Indiana. 
*Papac, R.; Petrakis, N. L.; Amini, E, and Wood, D. A.: J.A.M.A. 172:1387-1391 (March 26) 1960. 


Mead Johnson 


Symbol of service in medicine 
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